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The P’-operator, the Q’-curvature, and the CR tractor calculus

JEFFREY S. CASE AND A. ROD GOVER

Abstract. We establish an algorithm which computes formulae for the CR GIMS
operators, the P’-operator, and the Q’-curvature in terms of CR tractors. When
applied to torsion-free pseudo-Einstein contact forms, this algorithm both gives an
explicit factorisation of the CR GIMS operators and the P’-operator, and shows
that the Q’-curvature is constant, with the constant explicitly given in terms of
the Webster scalar curvature. We also use our algorithm to derive local formulae
for the P’-operator and Q’-curvature of a five-dimensional pseudo-Einstein man-
ifold. Comparison with Marugame’s formulation of the Burns-Epstein invariant
as the integral of a pseudohermitian invariant yields new insights into the class of
local pseudohermitian invariants for which the total integral is independent of the
choice of pseudo-Einstein contact form.

Mathematics Subject Classification (2010): 32V05 (primary); 32T15 (sec-
ondary).

1. Introduction

An important class of differential operators in CR geometry are the CR GIMS (or
Gover-Graham) operators [28]. The CR GJMS operator Py is a formally self-
adjoint differential operator with principal part the k-th power (—Ap)¥ of the neg-
ative of the sublaplacian; our convention is that — Ay is a positive operator. This
operator is defined on any pseudohermitian manifold (M2 +! JH,0)withk <n+1
and is CR invariant, Py : E(—"H=) — (="K e if 6 = 0, then

n

1k A~ ntl—k
e 2 Tsz(f)zl"zk(e 2 Tf)

for all f € C°°(M). Special cases are the CR Laplacian P, studied by Jerison and
Lee [41] and the CR Paneitz operator P4 which are, for example, important in the
study of the embedding problem in three dimensions [20].
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The critical CR GIMS operators Py, are of particular interest. The kernel
of P, is nontrivial, containing the space P of CR pluriharmonic functions [19,
39]; indeed, this characterizes the kernel on the standard CR spheres [6]. As such,
Branson’s argument of analytic continuation in the dimension [5] gives rise to the
P’-operator . This operator was first identified on the sphere by Branson, Fontana
and Morpurgo [6], then on general three-dimensional CR manifolds by Yang and
the first-named author [19], and then in general dimensions by Hirachi [39]. As an
operator P': P — C° (M), the P’-operator is not invariant; rather, if 6 = elo,
then

DY P/ (£y = P/(f) + Popia(fY) (L.

for all f € P. In this way, one could think of P’ as a Q-curvature operator (cf. [7]).
For geometric applications, it is often preferable to regard the P’-operator as a map
P':P — C®(M)/P+. Both P C £(0) and P+ C £(—n — 1) are CR invariant
spaces, while the self-adjointness of P,4, and the fact P C ker Py,» combine
with (1.1) to imply that P': P — C>(M)/P~ is CR invariant. In particular, P’
determines a CR invariant pairing P x P 3 (u, v) — [u P'v.

The natural extension of Branson’s Q-curvature to the CR setting is Q :=
P’ (1) (cf.[25]). While the total Q-curvature is a CR invariant, it is often trivial: The
total Q-curvature of a compact three-dimensional CR manifold is always zero [38]
and the Q-curvature vanishes identically for any pseudo-Einstein manifold [25].
The latter fact implies that we may again use analytic continuation in the dimension
to define the Q’-curvature as a pseudohermitian invariant of pseudo-Einstein mani-
folds; see [19] in dimengion three and [39] in general dimension. Suppose that 6 is
pseudo-Einstein. Then 6=e"0is pseudo-Einstein if and only if T € P; see [44].
If T € P, we find that

~ 1
VYY" = 0"+ PI(Y) + 5 Panga(Y7), (12)

where we regard P’ and Q' as C°°(M)-valued. Regarding instead P’ and Q' as
C>®(M)/P~+-valued, we have the transformation rule

e(n—i—l)T é/ — Q/+ P/(T).

It is in this context that the Q’-curvature prescription problem seems solvable;
see [18] for progress in the three-dimensional setting.

A key property of the Q’-curvature is that its total integral over a compact
pseudo-Einstein manifold is a secondary invariant. Following Hirachi [39], by a
secondary invariant we mean a pseudohermitian invariant which is not CR invari-
ant, but which is invariant within the distinguished class of pseudo-Einstein contact
forms. That the total Q’-curvature is independent of the choice of pseudo-Einstein
contact form follows from (1.2) and the self-adjointness of the critical CR GIMS
operator and of the P’-operator [19,39]; that it is not independent of the choice of
contact form follows from [19, Proposition 6.1].
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As a global secondary invariant, the total Q’-curvature is a biholomorphic in-
variant of domains in C"*! (cf. [25]). It is interesting to compare it with the Burns-
Epstein invariant [10,11,47]. In dimension three, the total Q’-curvature agrees
with the Burns-Epstein invariant up to a universal constant [19,39], whereupon one
obtains the Gauss-Bonnet formula

1 1
X) = — =)+ — "0 Adb
10 /X(Z 3cl>+16n2/MQ "

for X ¢ C? a bounded strictly pseudoconvex domain with boundary M = 3 X and
the Chern forms are computed with respect to a complete Kiahler-Einstein metric
in X. In dimension five, the total Q’-curvature and the Burns-Epstein invariant do
not in general agree; see Theorem 1.3 and Proposition 8.9 below for more precise
statements.

At present, there are only two ways to study the CR GIMS operators, the P’-
operator, and the Q’-curvature. The first is to restrict to dimension three, where
local formulae are known and can be used to address questions involving the signs
of these objects [19]. The second is to pass to the ambient manifold, where the
definitions are relatively simple and may be readily used to prove many formal
properties of these objects [39]. However, it is not straightforward to produce local
formulae for these operators from the ambient definition, nor is it known how to use
the ambient definition to address issues such as the sign of the CR GJMS operators
and the P’-operator or the value of the total Q’-curvature.

The goal of this article is to rectify some of these issues by giving a new inter-
pretation of the CR GIMS operators, the P’-operator, and the Q’-curvature. Specif-
ically, we give an interpretation of these objects in terms of the CR tractor calculus,
building on the work of Graham and the second-named author on the CR GIMS
operators [28]. Our main result is an algorithm, encoded in Theorem 6.7, which
produces a tractor formula for these operators in terms of tractor D-operators and
the tractor curvature (cf. [29]). As an immediate application, we compute the Q’-
curvature and obtain factorisations of the CR GIMS operators and the P’-operator
on any Einstein pseudohermitian manifold (cf. [27]); i.e., on any pseudo-Einstein
manifold with vanishing torsion.

Theorem 1.1. Ler (M*' H,0) be an embeddable Einstein pseudohermitian
manifold. For any integer | < k < n + 1, the CR GJMS operator Py is equal to

k
2
[](—20+ciiVo+deP) (=Ap — c1iVo +deP)  ifk is even

=

Py = (1.3)

1
k%l

Y [ (=20 + ceiVo + deP) (= Ap — i Vo + d¢ P) if k is odd,
=1
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n?—(k—20+1)% .
where cg = k — 20+ 1 anddy = ——=—" and Y = —Ap + nP is the CR
Yamabe operator. Moreover, the P’-operator is

2 n+1 n
P, ., =n! <;> []2s+2epP) (14)
=0
and the Q'-curvature is

n+1
05n = (n1)? <47P> . (1.5)

An alternative proof of Theorem 1.1 has been given by Takeuchi [51] using purely
ambient techniques.

Since the standard CR sphere and the Heisenberg group with its standard con-
tact form are both Einstein pseudohermitian manifolds, (1.3) recovers the known
formulae for the CR GIMS operators on these manifolds [6,33]. Moreover, (1.4)
recovers the formula for the P’-operator obtained by Branson, Fontana and Mor-
purgo on the sphere and (1.5) gives a geometric meaning to the constant in their
sharp Onofri-type inequality on CR pluriharmonic functions [6].

Einstein pseudohermitian manifolds are equivalent to n-Sasaki-Einstein mani-
folds (cf. [45,50]). This observation leads to a wealth of examples to which Theo-
rem 1.1 applies (cf. [3,4,50]).

Theorem 1.1 gives factorisations of the CR GIMS operators in terms of Fol-
land-Stein operators and of the P’-operator in terms of the sublaplacian. In particu-
lar, the spectrum of the P’-operator is completely understood in terms of the scalar
curvature and the spectrum of the sublaplacian of an Einstein pseudohermitian man-
ifold. Likewise, it determines the total Q’-curvature of an Einstein pseudohermitian
manifold in terms of its scalar curvature and volume. As a special case of these ob-
servations, we have the following corollary.

Corollary 1.2. Let (M*"*1, H,0) be a compact embeddable Einstein pseudoher-
mitian manifold with nonnegative CR Yamabe constant. Then P’ > 0, ker P’ = R,
and

f Q0 Ao < / Q00 A (db)", (1.6)
M §2n+1

where the right-hand side denotes the total Q'-curvature of the standard CR sphere.
Moreover, equality holds in (1.6) if and only if (M, H, 0) is CR equivalent to the
standard CR sphere.

In three dimensions, the conclusions of Corollary 1.2 are true under weaker hy-
potheses involving only the CR Paneitz operator and the CR Yamabe constant [19].
It is natural to ask if similar positivity results extend to higher dimensions; Corol-
lary 1.2 suggests that there is scope for such a result. Reasons to be interested in
such a result are its characterization of the standard CR sphere and its role in finding
metrics of constant Q’-curvature by variational methods (cf. [18]).
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In five dimensions, it is straightforward to produce from Theorem 6.7 an ex-
plicit tractor formula for the CR GIMS operators, the P’-operator, and the Q’-
curvature. In particular, we obtain an explicit local formula for the Q’-curvature in
this dimension:

Q' = 4A;P + 4Ap| Agpl* — 16Im VY (A, VP P) + 16i V7Y,

1.7

— 16AP? — 32P|Agpl? +32P% — 16A%7 Q4 ;
see Section 2 for a description of our notation. We thus obtain a formula for the
total Q’-curvature of a compact pseudo-Einstein five-manifold (cf. (8.9) and [40]).
On the other hand, Marugame [47] has computed the Burns-Epstein invariant in
this setting. By comparing these formulae, we obtain the following Gauss-Bonnet
formula for bounded strictly pseudoconvex domains in C3.

Theorem 1.3. Let X C C3 be a bounded strictly pseudoconvex domain with
boundary M> = 3X . Let p be a defining function for M such that g = —id0 log p
is a complete Kdhler-Einstein metric in X. Then

1 1 1 , ,
x(X) = /X <c3 — EC]CZ + gcf> + ) /M (Q + 16I) 0N (d@)z, (1.8)

where T’ is the pseudohermitian invariant

1
7 = _§Ab

S,

2 2 1 2
whvs| T Vapy + 5 P1Supysl” (1.9)

In(1.9), S, Bys denotes the Chern tensor — the completely tracefree part of the pseu-
dohermitian curvature — and V,z,, is the CR analogue of the Cotton tensor; see

Section 2 for details. The pseudohermitian invariant Z’ should be regarded as the
analogue in the critical dimension of the nontrivial conformal invariant of weight
—6 discovered by Fefferman and Graham (cf. [24, (9.3)]). More precisely, there is
a CR invariant 7 of weight —3 and of the form |V, S, By g|2 plus terms involving
V, Bs (see (8.23)) in general dimensions which is a pure divergence in dimension
five. Arguing by analytic continuation in the dimension yields, modulo divergences,
the pseudohermitian invariant Z’ on five-dimensional pseudo-Einstein manifolds;
in particular, one expects the total Z’-curvature to be a global secondary invariant.
In Proposition 8.9, we give an intrinsic proof of this fact provided c;(H'?) van-
ishes in H*(M; R). If M is the boundary of a Stein manifold, then ¢ (H 10y —
0; see Section 8 for details. Note that Marugame has already given an extrinsic
proof [47] of this fact, without assuming the vanishing of the second real Chern
class. Our study of Z’ suggests that the CR analogue of the Deser-Schwimmer
conjecture is more subtle than its conformal analogue; see Remark 8.13 for further
discussion.
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We conclude this introduction by outlining the algorithm for producing tractor
formulae for the CR GIMS operators, the P’-operator, and the Q’-curvature con-
tained in Theorem 6.7 and how it is applied to obtain Theorem 1.1. To that end, we
first recall the definitions of these objects via the ambient manifold [39].

Suppose that (M, H) is a strictly pseudoconvex CR manifold which is em-
bedded in a complex manifold X; note that compact strictly pseudoconvex CR
manifolds of dimension at least five are automatically embeddable [2,37,46]. Let
p € C®(X) be a defining function for M which is positive on the pseudoconvex
side, and let & = Im 5,0|T m be the induced contact form. Suppose that, near M in
X, there is a (n + 2)-nd root Ly of the canonical bundle Ky of X. The ambient
space of M, which we denote M 4, is the total space of Lx \ {0} — X, and the re-
striction M 4] is denoted by F. Note that F is a CR manifold of (real) dimension
2n + 3 with Levi form which is positive definite except in the fibre direction, and
the pullback of p to M 4, also denoted by p, is a defining function for F.

Given A € C*, define the dilation 85 : M4 — M 4 by fibre-wise scalar multi-
plication, 8, (§) = A&. Given w € R, denote

Ew) = {f € C®(Ma; C): 85 f = A" f forall A e C*} :

A natural choice of defining function r € g (1) for F is obtained by Fefferman’s
construction [23]: it is the unique defining function modulo O (p"*3) such that

Ric[r] = inr"dr A dr + O(p" ), (1.10)

where Ric[r] is the Ricci curvature of the ambient metric g[r] = —i 90r defined in
a neighborhood of F in M 4 and n| £ is a CR invariant, the obstruction function.

Let K = A™1(H%!)L denote the canonical bundle of M. Note that IC =
Kxlm. Let Ly = Lx|u, so that L is a (n + 2)-nd root of K. Given w, w’ € C
such that w — w’ € Z, we denote

Ew,w)=L),"® Z;,,w/.

A CR density of weight w € R is a smooth section of the bundle £(w) = £(w, w).
When clear by context, we also use £(w) to  denote the space of CR densities of
weight w. Given a homogeneous function f € £(w) on the ambient space, its
restriction to F defines a CR density f = f|r € E(w). We call f an ambient
extension of f. Such functions are unique up to adding terms of the form ¢r with
pelw-—1).

Letke{0,1,...,n+ 1} and set w = —%. Given f € £(w), define

Puf = (- 2Z)kf|}'-

This definition is independent of the choice of ambient extension f . In particular,
Py : E(w) — E(w — k) is a conformally covariant operator, the k-th order CR
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GJMS operator [28]. Our normalization is such that Py has leading order term
(—Ap)-.
Set hg = r/p. Define the P-prime operator P2/n pon P by

1
Pyyinf =—(—28)"" (floghg)lF € E(—n — 1). (1.11)
This operator depends only on f and the choice of contact form 6. Moreover,
computing with respect to the contact form 0= ¢ yields the transformation

formula (1.1).
Suppose now that 6 is a pseudo-Einstein contact form; equivalently, suppose
that log hg |7 € P. Define the Q-prime curvature Q) 4o by

1 n
OQhin = 5(— )™ oghg)?lF € E(=n — 1). (1.12)

This scalar depends only on the choice of contact form 6. Moreover, computing
with respect to the pseudo-Einstein contact form =eT0 yields the transformation
formula (1.2).

An alternative approach to these definitions can be made through the CR tractor
calculus [28]. Specifically, éap and the second-named author [12,14] have provided
a dictionary which effectively equates definitions of CR invariant objects made via
the ambient metric with definitions made via the CR tractor calculus. Using this
dictionary, we develop in Section 6 an algorithm for generating tractor formulae
for the CR GIMS operators, the P’-operators, and the Q’-curvatures in general di-
mension. This has two benefits. First, it is easy to execute this algorithm in low
dimensions, and this allows us to derive (1.7); see Section 8 for further discussion.
Second, the algorithm almost immediately yields Theorem 1.1 using the local corre-
spondence between Einstein contact forms and parallel CR standard tractors. More
precisely, the algorithm leads to a formula (¢f. Theorem 6.7) for the CR GIMS
operators in terms of tractor D-operators and the CR Wey] tractor, a tractor version
of the curvature tensor of the ambient metric. Since contractions of a parallel CR
standard tractor /4 into the curvature necessarily vanish, we obtain a formula for
the CR GIMS operators in terms of compositions of 478D 4D and 18D which,
after some reorganization, recovers (1.3) (cf. [27]). The factorisations for P" and Q’
then follow from the “Branson trick,” made rigorous using log densities in a manner
analogous to the ambient definitions (1.11) and (1.12); see Section 4 and Section 6
for further discussion.

ACKNOWLEDGEMENTS. The authors would like to thank the Centre de Recerca
Matematica and Princeton University for their hospitality while portions of this
work were being completed. They would also like to thank Paul Yang for many
fruitful discussions about the P’-operator and the Q’-curvature, and Taiji Marugame
for pointing out Proposition 8.11 and supplying its proof. Finally, we thank the
anonymous referee for his or her careful reading and thoughtful feedback.



572 JEFFREY S. CASE AND A. ROD GOVER

2. Background

2.1. CR geometry

Recall that an almost CR structure, of hypersurface type, on a smooth manifold M
of real dimension 2n + 1 is a rank 2n (real) subbundle H of the tangent bundle T M
equipped with an almost complex structure J: H — H. For simplicity, throughout
the following we assume M is orientable. We write g : T M — C for the canonical
bundle surjection onto the real (quotient) line bundle C := T M/ H . For two sections
&, n € I'(H) the expression g ([, n]) is bilinear over smooth functions, and so there
is a skew symmetric bundle map £ : H x H — C given by L(£(x), n(x)) =
q ([, n](x)). If this skew form is non-degenerate then the almost CR structure is
said to be non-degenerate; such non-deneracy exactly means that H is a contact
distribution on M.

We shall write B¢ for the complexification of a real vector bundle B. Con-
sidering now ITcM and Hc C TcM, the complex structure on H is equivalent to
a splitting of the subbundle Hc into the direct sum of the holomorphic part A0
and the antiholomorphic part H%! = H1.9. The almost CR structure is called in-
tegrable, or a CR structure, if the subbundle H LO = TcM is involutive; i.e. the
space of its sections is closed under the Lie bracket. Then, in particular, £ is of type
(1, 1), meaning L(J&, Jn) = L(&, n) for all £, n € H. We assume integrability.

Let gc denote the complex linear extension of g. The CR Levi form L¢ of an
almost CR structure is the Cc-valued Hermitian form on H !0 induced by (¢, 1) —
2iqc ([, 77]). Note that £ can be naturally identified with the imaginary part of L¢,
and so non-degeneracy of the CR structure can be characterised by non-degeneracy
of the Levi form.

Choosing a local trivialisation of C and using the induced trivialisation of Cc,
L gives rise to a Hermitian form. If (p, q) is the signature of this form, then
one also says that M is non-degenerate of signature (p, g). If p # g, then such
local trivialisations of C necessarily fit together to give a global trivialisation. In
the case of symmetric signature (p, p) we assume that a global trivialisation of
C exists. A global trivialisation of C is equivalent to a ray subbundle of the line
bundle of contact forms for H C T M, so it gives a notion of positivity for contact
forms.

An important class of CR structures are those which arise from generic real
hypersurfaces in complex manifolds, as follows. Let M be a complex manifold
of complex dimension n + 1 and let M C M be a smooth real hypersurface. For
each point x € M, the tangent space T M is a subspace of the complex vector space
T, M of real codimension one. This implies that the maximal complex subspace H,
of T, M must be of complex dimension n. These subspaces fit together to define a
smooth subbundle H C T M, equipped with a complex structure. Since the bundle
H'Y ¢ TecM can be viewed as the intersection of the involutive subbundles 7o M
and T1OM of Tc M|y we see that we always obtain a CR structure in this way.
Generically this structure is non-degenerate, and in this case is referred to as an
embedded CR manifold.
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2.2. CR density bundles

In CR geometry an important role is played by a natural family of line bundles that
arise as follows. In the complexified cotangent bundle the annihilator of H%! has
complex dimension n + 1, and so its (n 4 1)st complex exterior power is a complex
line bundle /C; this is the canonical bundle.

It is convenient to assume the existence of certain roots of /C. Specifically we
assume that there exists, and we have chosen, a complex line bundle £(1,0) — M

with the property that there is a duality between £(1, O)®("+2) and the canonical bun-
dle K. Such a bundle may not exist globally, but such a choice is always possible
locally. For CR manifolds embedded in C"*! the canonical bundle is trivial, so such
abundle £(1, 0) exists globally in this setting. For w, w’ € R suchthat w’'—w € Z,

the map A +— |k|2wx(“’"“’) is a well-defined one-dimensional representation of
C*. Hence we can define a complex line bundle £(w, w’) over M by forming the
associated bundle to the frame bundle of £(1,0) with respect to this representa-
tion. By construction we get E(w’, w) = E(w, w’), E(—w, —w’) = E(w, w')* and
Ek,0) = 5(1,0)®k for k € N. Finally, by definition X = £(0, —n — 2). For
simplicity, we denote £(w) = &(w, w).

2.3. Pseudohermitian structures

For the purposes of explicit calculations on a CR manifold (M, H) it is convenient
to use pseudohermitian structures, and we review some basic facts about these. This
also serves to fix conventions, which follow [28]. Since M is orientable the annihi-
lator H+ of H in T*M admits a nonvanishing global section. A pseudohermitian
structure is a choice 6 of such a section and, from the non-degeneracy of the CR
structure, is a contact form on M. We fix an orientation on H~+ and restrict consid-
eration to choices of 8 which are positive with respect to this orientation. The Levi
form of 0 is the Hermitian form A% (or simply i) on H''? c Tc M defined by

h(Z, W) = —=2id6(Z, W).

With the trivialisation of C¢ given by 6, this corresponds to L¢ introduced above.
Given a pseudohermitian structure 6, we define the Reeb field T to be the
unique vector field on M satisfying

0(T)=1 and irdf =0. (2.1)

An admissible coframe is a set of complex valued forms {#*},« = 1, ..., n, which
satisfy 6%(T) = 0, annihilate H%!, and whose restrictions to H'? are complex
linear and form a basis for (H':9)*. We use lower case Greek indices to refer to
frames for 710 or its dual. We shall also interpret these indices abstractly, and
use £% as an abstract index notation for the bundle H'° (or its space of smooth
sections) and write &, for its dual. This notation is extended in an obvious way to
the conjugate bundles, and to tensor products of various of these.
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There is a natural inclusion of the real line bundle C = T M/ H into the density
bundle £(1) which is defined as follows. For a local nonzero section « of £(1, 0)
recall that one can, by definition, view a~ ("2 ag a section of the canonical bundle
KC. Then, by [43, Lemma 3.2], there is a unique positive contact form 6 with respect
to which o =12 is length normalised. From the formula in [43, Lemma 3.2] one
sees that, in the other direction, 6 determines « up a phase factor, and scaling 6
causes the inverse scaling of . Thus the mapping TM > § — 0 (§)aa descends
to an inclusion of C into £ (1) which, by construction, is CR invariant. In particular,
the canonical contact form @ := 0 ® aa@ € C ® £(1) depends only on the CR
structure. Conversely, a scale a@ € £(1) determines a contact form 6 by this
formula.

By integrability and (2.1), we have

do = ih,56° A 6P

for a smoothly varying Hermitian matrix k5, which we may interpret as the matrix
of the Levi form & determined by 8, in the frame 8%, or as the Levi form 4 itself in
abstract index notation. Using the inclusion C < £(1) from above, the CR Levi
form L¢ can be viewed as a canonical section of 5a3(1) which we also denote by

h,g: this agrees with h, g if E(1) is trivialised using 8. By h*? e £ (—1) we
denote the inverse of haB and this will be used to raise and lower indices without
further mention.

By V we denote the Tanaka-Webster connections (on various bundles) asso-
ciated to 6. In particular, these satisfy V6 = 0, Vh = 0, Vh = 0, VT = 0, and
VJ =0, so the decomposition TcM = H'0® H®! @ CT is invariant under V. On
tensors, the Tanaka-Webster connection is determined from the Webster connection
forms a)g and the torsion forms 7, = Ag, 0%, defined in terms of an admissible
coframe by

do” =0 N +0 AT,
dha'g = Wup +w3a’

Aay = Aya,
where Bo = Wop- We call Ay, the torsion of 6. The pseudohermitian curvature
R, By of 6 is obtained from the curvature forms 1‘15 = da)g —wh A a)f via the

structure equations
n,? = Raﬁae" AOY + VP A0 NG — VAP A B 02
+ihai AsPOY N O —i Ay 0" AGOP

where Az := Aqp. The pseudohermitian Ricci tensor is R, g = RZ Gy and the

pseudohermitian scalar curvature is R = R;. The sublaplacian is

Ap=V"V, +V,V".
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A contact form 6 on (MZ*t! H) is pseudo-Einstein if

R,3=xRh,z ifn>1
VoR =iVY Ay, ifn=1.

The set of pseudo-Einstein contact forms, when non-empty, forms a distinguished
class of contact forms parameterised by P: If @ is pseudo-Einstein, then 6 = ¢ 8
is pseudo-Einstein if and only if T is a CR pluriharmonic function [38,44].

We may decompose a tensor field relative to the splittings of 7c M and its dual.
In this way, we may calculate the covariant derivative componentwise. Each of the
components may be regarded as a section of a tensor product of £ or its dual or
conjugates thereof. We therefore often restrict consideration to the action of the
connection on S‘j‘ or & . We use indices «, @, 0 for components with respect to
the frame {#%, 6%, 0} and its dual, so that the O-components incorporate weights.
If f is a (possibly density-valued) tensor field, we denote components of the (ten-
sorial) iterated covariant derivatives of f in such a frame by preceding V’s; e.g.,
VaVo -+ Vg. As usual, such indices may alternately be interpreted abstractly. For
example, if fg € Eg(w, w’), we consider V f as the triple V, fg € Eup(w, w'),
V&fﬂ € S&ﬁ(u), u/), Vofﬁ S Eﬁ(u} -1, w — 1).

From the standpoint of CR geometry, it is convenient to consider certain mod-
ifications of the curvature R, By and its traces. The CR Schouten tensor is defined
by

1
Pui=— (Rug = Phag) -

where P = R/2(n + 1) is its trace. To describe the tractor connection, it is conve-
nient to introduce the tensors

Ty = n—1k2 (VaP —iVY Agy) .,
S = —% (V70 + VaT™ + Py PP — Ay A7)
(cf. [28,43]). The Chern tensor is defined by
Sapys = Rapys — Pouplys — Puchyg — P, ghas — Pyshyg.

This tensor is the analogue of the Weyl tensor, in that it is CR invariant, has Weyl-
type symmetries, and, when n > 2, is the obstruction to (M, H) being locally
equivalent to the standard CR sphere [22]. Some other important curvature tensors,
which together constitute the curvature of the CR tractor connection [28], are

Vaﬁy = VEAOW + iVJ/PaE — iTVhozB — 2iTahw§
Quy =iVoAyy —2iV, Ty + 2PV Ay,
Uyp = VpTa + VaTg + Py Pyg — Aup A + Shyg

Yo = VoTy — iVaS +2i PPT, — 3Aq,T".
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Note that V,, K and U,z are trace-free; this follows from the definitions of 7;, and
S, respectively. Note also that V,, By and Qg are symmetric. Indeed, [44, (2.10)]
implies that

v}’PaB — VaPyB = Tcxhy,é — Tyhaﬁ (2.3)

and [44, (2.9)] implies that
VoTy —V, Ty =iP"Apy —i PP Apg; 24

these equations imply V. why = Vypa and Qy, = Qyq, respectively. Whenn =1,
the Cartan tensor Qqp is CR invariant and is the obstruction to (M, H) being lo-
cally CR equivalent to the standard CR sphere [16,17]. In order to derive local
formulae for the CR GJMS operators, P’-operator, and Q’-curvature, it will be use-
ful to know how these curvature tensors are related via divergence formula. Estab-
lishing such relationships needs some important Bianchi and commutator identities

proven by Lee [44].

Lemma 2.1. Let (M*"*t! H,0) be a pseudohermitian manifold. For any 14 € &,
it holds that

Vavlg‘ry = ngary + iAay'L’ﬂ — iAﬁyTa, (2.5)
VaVty = V5Vat, +ih,5Aas " —ihyaAgst’, (2.6)
ViVyTa = V) VaTa +ih,;VoTe + Ry 5577 Q2.7)
VBVOTQ = Vovgfa + AB(—,V Ty + nyaA B (2.8)

Since commutators act as derivations, similar formulae hold on general tensor
fields. Moreover, we have the following Bianchi identities:

VﬂPﬁ_V P+ (n—1DT,, (2.9)
Vf_’Saf;y& =(n+ I)Vo,Py,g - VVPaB - nngAay 2.10)
— @n+DTyhyg — (n — DTyh, g,
VoViAay = Vy Vi Aup +ih,5V0 Ay — ih,5V0 Aay o
+Ra,3yaAP - RaﬁpaAV . ‘
VoP, =iVsTy —iVeTj, (2.12)

Vy Awp = Vg Agy. (2.13)
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Proof. Each of (2.5), (2.6), (2.7), and (2.8) is contained in [44, Lemma 2.3]. Equa-
tion (2.9) follows immediately from [44, (2.11)]. Equation (2.10) follows imme-
diately from (2.9) and [44, (2.7)]. Equation (2.11) is exactly [44, (2.9)]. Equa-
tion (2.12) follows immediately from [44, (2.12)]. Equation (2.13) is exactly [44,
(2.6)]. O

We now derive the divergence formulae relating the tensors S, wfyé v, By Ouy»
U, B> and Y, :

Lemma 2.2. Let (M*"t! H, 0) be a pseudohermitian manifold. Then

VUSaEy& = —niVyz,, (2.14)
VPV,5, == —1)Quy + S,5,5 A7, (2.15)
V' Vo5, =nilUuz —iS,5,5 P77, (2.16)
VY Quy = —nYy + 2Va5yP7’ﬁ, (2.17)
VAU, 5= —(n— DiYy +iV,5,P"P + V5,5 AP (2.18)

Re V'Y, = Im A" Q. (2.19)

Proof. Writing (2.10) in terms of Vagy and using the symmetry Vegy = Vypa
yields (2.14).
Using (2.5) and the conjugate of (2.6), we deduce that
VPV, Py = Vy VP Pys+ (1 — D)iPys AP, +iP5AP, —iPAg,.
It follows from this, (2.9) and the definitions of V,, By and T, that
VPV,5, = VPV A0y — Vy V3AP o + Q0 — )iV, T, — iVaT,

(2.20)

—(n— D)PyzAP, — P AP + PAqgy.

Combining (2.4), (2.11), and (2.20) yields (2.15).

From the symmetry V wfy = Vyfo» WE May write

V'Vy5, = V' VAay +iVV VP, 5 —iV5T, — 2V Tyhyj
The commutators (2.6) and (2.7) imply that
. . 2
VI'V5Auy = VgV Agy —niAay AV g 40 |Ayy| hyp

VVPﬂ_VVP5+lVoP/3 S

2
aﬁWPV”JrnP YP,j — | Pys| Beop-

Combining these three displays with (2.12) yields (2.16).
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Combining the commutator (2.8) and (2.13) yields
V' Vo Ay = VoV Aay + Va | Ayp|” + Aay V, A7
Writing this in terms of 7, and using the commutator (2.7) on functions yields

V' VoAay = (n 4 2)iVoTy + VoV Ty — VoV, T?
Vo | Ay = (n+2)iAgy TV +2i Agy V7 P.
In particular, when combined with the definition of Qg , this yields
VY Quy=—m+2)VoTy +iVe VYT, —iVy,V, TV —2iV'V, T,
F2VP(Py? Ayp)+iVa |Ayp|* + (0 +2)Agy TV — 244, V7 P. (221

Next, (2.4) and the commutator (2.7) yields
V'V, Ty — VoV'T, =iNoTy + (n +2) Py’ T, + PT, — iVP (P,V Ayp)
+iVP (P, Ayq) .

Combining this with (2.9) and (2.21) yields (2.17).
Using (2.4) and the commutators (2.6) and (2.7), we deduce that

VeVaTP — VoVaTP = (n — 1)i Agp TP,

VEVPTy — Vo VPTy = —(n — 1)iVoTy +iPg¥ VP Ay — i A, g VP PyY
— P/ Vy P+ (n+2)Py’ Ty +iAgy V' P
+(n—1)iAg, T,

one readily derives (2.18).
From the definitions of 7, S, and Y,, we compute that

1
Re VY, = —PaVVOPy"‘-i—EVO |Aay\2+iPaV (V4T — V, T*) —Re Aqy, V' T

Combining this with (2.12) and the definition of Q,, yields (2.19). O

3. Some tractor calculus

3.1. The CR tractor connection

On a hypersurface type CR structure there is no invariant connection on the tangent
bundle, or its contact subbundle. However there is a natural invariant connection
on a higher rank natural vector bundle known as the CR cotractor bundle [28]. A
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defining feature of this bundle £ is that for each choice of pseudohermitian contact
form 6 this bundle decomposes into a direct sum

EA25(1,0)69505(1,0)698(0,—1). (3.1)

So for a section v4 € T'(£4) we may write [valy = (o, 14, p), Where o € £(1,0),
Ty € &(1,0), and p € £(0, —1). When the choice of 6 is understood it will
be omitted from the notation. A change of contact form to # = e'6, where
YT € C*(M), induces a different identification to the same direct sum bundle,
with the components in the 6 direct sum related to those in the 6 direct sum by the
transformation formula

o
Ty + Yoo
p—YPrs — J(TPYs +iTo)o

[valg = , (3.2)

> §> Q>
Il

where we have used an obvious notation; e.g., T, := VY. It follows from (3.2)
that £4 has a composition series

Ea=E1,00GE,(1,00& £(0, —1),
meaning that in a CR invariant way, £(0, —1) is a subbundle of €4, £(1,0) is
a quotient bundle of £4, and the kernel of the surjection £4 — &£(1,0) is the

reducible subbundle &,(1,0) & £(0, —1). We write Z4 to denote the canonical
bundle injection

Za:E0,—1) — &4,
and also view this as a section Z4 € I'(£4(0, 1)). Note that conjugation extends to
tractors in the obvious way and, for example, the conjugate tractor bundle has the
composition series
E;=E0,1)FE0,1)FE(-1,0),
with the inclusion of £(—1, 0) denoted

Z;:E(-1,0) = &;. 3.3)

For calculating one usually works in a pseudohermitian scale exploiting the splitting
(3.1) and for [v4]p = (0, Ty, p) We may equivalently write

vA:UYA—I-‘CaWAa—{—pZA 34

where W¢ : £,(1,0) — £ and Y4 : £(1,0) — &4 are the bundle injections
determined by the splitting.
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For two sections v4 and v} the quantity op'+po’+h*P ra% is independent of
the choice of 8 this is the formula, in a given scale 6, for the CR invariant Hermitian
metric K48 on €4. The tractor metric h 4 is the inverse of this, and it gives the
Hermitian metric on the (standard) tractor bundle £*, which by definition is the
bundle dual to £4. The tractor metric is used to raise and lower tractor indices in
the usual way; e.g., Z4 := h48Z7 5~ Note that from the formula for the metric this
gives the surjection

ZA E4 — £(1,0).

We refer to Z4 as the (CR) canonical tractor.
In terms of the tractor splitting (3.1), the CR tractor connection is given by the
formulae

Vgo — 13
V,gvA = Vﬁ‘L’a + iAaﬁO' ,
Vgp — Pgta + Tgo
VEG
Vgva = | VTa t hego + Pogo |, (3.5)

VE,O + iA%‘L’a — TEO'

Voo + n’—J.FZPU —ip
Vova = | Yoty — i Pitg + 75 Pro +2iTu0 |

Vop + 75 Pp 4 2iT%7 +iSo

where the V’s on the right-hand side refer to the pseudohermitian connection on the
appropriate weighted bundles. This connection is canonically determined by the CR
structure (and so, in particular, is independent of 6); indeed, it is equivalent to the
normal Cartan connection on CR manifold [14]. The tractor connection preserves
the tractor metric, Vh 45 = 0, and so covariant differentiation commutes with the
raising and lowering of tractor indices.

3.2. The tractor D-operator

For the construction of differential operators an important tool is the second order
tractor D-operator

Dy : E(w, w) = E4 ®5*(w -1, w/),
where £*(w, w’) indicates any weighted tractor bundle, meaning it is the tensor

product of £(w, w’) with any bundle constructed by taking a tensor part of any
tensor product of the tractor bundle, its dual, and the conjugates of these. This is
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defined by

whn+w+w)f
Daf = (n+w+w)Vy f /
_(vﬂvﬂf+ wiVo f +w(l + “jl;;’)Pf)

in the splitting (3.1) determined by a choice of €, but is independent of the choice
of 6. Here V, f refers to the tractor connection defined above coupled with the
pseudohermitian connection. Conjugation produces the CR invariant operator

]D)A:S*(w,w/) — 5A®5*(w,w/— 1).

By construction both D4 and ID; commute with raising and lowering tractor in-
dices.

Two other important operators on weighted tractor bundles are the weight op-
erator w and its conjugate w'. The weight operators are defined to be the unique
derivations such that

wf=wf and Wf=uw'f

forall f € £*(w, w’). One can express the tractor D-operator on arbitrary weighted
tractor bundles using the weight operator and tractor connection. A similar formula
for the composition D 4Dz is of particular importance in this article and is given in
Proposition 3.1 below.

Related to the tractor-D operator are the CR double-D operators. These are
defined generally in [14], but as differential operators on weighted tractor fields
they may be defined by

Dap = 2Z[BYA]W+ZZ[BWA]O[VO,, 3.6)

where [- - - ] indicates the skew part over the enclosed indices, and

D5 = ZzYaW — ZAY3W + Zz W@V, — ZAWB’fvﬁ

. (3.7)
—ZAZg (zvo + LW - w)) ,
and their conjugates, cf. [14, Theorem 4.10]. For both we have used (3.4) to simplify
the presentation.

As mentioned above, the following formula for the composition DDz is of
particular importance in this article.

Proposition 3.1. Let (MZ’fH, H) be a CR manifold. Given any scale 5 € £(1),
the operator D,DB = hBBID)AID)B acts on elements of E(w), w € R, by

C; (Cf €
DAD? = [ (C5)a (Ca)o” (Co)a |
Ce (Cs5)f C3
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where

Cy = w?(n +2w)(n + 2w — 1),
(C2)P = VAwn + 2w)(n + 2w — 1),

1
Cz = _E(Ab —iVo(n 4+ 2w) + 2Pw)w(n + 2w — 1),
1
(Ca)o? = (vavﬁ — _haﬂvyvy) (n+2w)(n +2w — 1)
n
1
+ P Pwin +2w)(n + 2w — 1) + —he? (A — nP)w(n + 2w — 1),
n

1
(C5)a = —= (VaVy V¥ + niAgy V) (n +2w)(n + 2w — 1)
n
1
+ (—VaAb — VoP —Ty(n + 2w)> wn+2w—1),
n

1

Co = V" (Vy VoV +niAg, V¥) (n + 2w)* + P(aB)OV“Vﬁ(n +2w)
n

1 2 1
— n—zAgw(n + w)+; ImV? Ag, VPw(n + 2w)— ;PAbw(n — 142w)
4 2
+ —Re VPV, w(n+w) — —Re(V'P +nT")V,w(n + 2w)
n n
1
(Y (Vy P+ nTy)) win +2w) + | P, *w(n + 2w)

+ % ((n +2)P2 — (AyP) — nS(n + 2w)) w2,

Pupyy = Pup— %h «f I8 the trace-free part of the CR Schouten tensor, the term Ty in

the definition of (Cs)q acts as a multiplication operator, the terms (VV(Vy P+nT, ))
and (Ap P) in the definition of Ce act as multiplication operators, and all other
operators in the definitions of C1, . .., C¢ act to the right.

Remark 3.2. We raise an index and write D 4D? to make clear the meaning of the
rows and columns in our matrix representation for the composition DD

Proof. Using the definition of the tractor D-operator and [28, Proposition 2.2], we
observe that if f € £(w), then

n—+2w
2

DB f= _IA f+ iVof —wP 2w)VP 2 3.8
=\ =32 of —wPf, (n +2w)VP fw(n +2w)f |. (3.8)
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Using this and the formula

wmn +2w—1)DEf

D,DE f = (n+2w—1)V,DEf
- (VVV)/DBf + wiVoDB f + %wPDBf>

yields the expressions for the operators Cp, (C »)P, and C3.
Next observe that

l(A,,f — (n+2w)iVof +2wPf) =

5 ((n+2w)VgVP f —wA, f +wnPf).

1
n
Combining this with (3.8) and the expression for the tractor connection yields the
expressions for the operators (C4)o” and (Cs) 8-

Finally, note that

V¥V,o =V, t¥ — Po —np
VIV, lp=| VIV, 154 P, gV ok (VgP+(n = DT5)+Vp — iAg"Vyo |,

where
B=V"V,p =iV (Agyt*) =V’ (06T))— Po¥ (V)% 40 P,*+phy,*)+ TV, 0.

Combining this with (3.8) and the definition of the tractor D-operator yields the
expression for the operator Ce. O

4. CR pluriharmonic functions and (pseudo-)Einstein contact forms

4.1. Log densities

In order to study CR pluriharmonic functions via tractors, it is useful to introduce
log densities (cf. [32]). LetC C T*M be the R -bundle of positive elements of H -
Given w € R, let Er(w) be the bundle associated to C via the representation s +—
s2¥ of R. In particular, &g (w) can be identified with a real subbundle of E(w, w)
and Er(1) can be identified with C. Hence Er(w) is trivial as a vector bundle.
We likewise let Dr(w) be the real line bundle induced by the log representations
s > wlogs of Ry. In particular, a section A € Dr(w) is equivalent to a function
A: C — R with the equivariance property

A(r*0) = A(0) + 2wlog?. 4.1)

Note that if 7 is a positive section of Er(w) and 7 is the corresponding equivari-
ant section of C, then the composition log o T has the property (4.1), and hence is
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equivalent to a section of Dgr(w). We shall denote this section by log t. It is clear
that a section of Dg(1) is log T for some positive section T € Eg(1). We define the
operator V: Dr(1) — T*M by setting

Viegr =t~ 'Vr. 42)

We can extend these definitions by complex linearity and thereby consider D(w) as
a complex bundle; in particular, we obtain the operator V: D(w) — T&M.

The requirement that the weight operators w and w’ satisfy the Leibniz prop-
erty means that the natural definition of the weight operators on log densities is such
that for any A € D(wy), it holds that

WA = wy = WA. 4.3)

Viewing the section A as a multiplication operator on the space of sections of any
density bundle, log density bundle, tractor bundle, or tensor product of these things,
we have equivalently that [w, A] = wg = [W/, A].

4.2. CR pluriharmonic functions and tractors

One use of log densities is to provide a rigorous method for carrying out Branson’s
method of analytic continuation in the dimension [5,8,32]. For example, the deriva-
tion of the formula for the P’-operator in dimension three [19] proceeds by observ-
ing that the CR Paneitz operator Ps: £(w) — £(w — 2) can be written in general
dimensionas P4 = C—wR forw = —% and C =4V7(V, Vg —I—niA,gy)Vﬁ; note
that C annihilates CR pluriharmonic functions [36]. Thus —%P4 f = Rf makes
sense for any f € P. This expression in the case n = 1, corresponding to w = 0,
yields the operator P, = R. As we explain below, by working with log densities
and the tractor formula for the CR Paneitz operator, this “division by zero” can be
realized through the commutator property (4.3).

To begin, we point out, as an immediate corollary of Proposition 3.1, the ten-
sor formula for the operator D4IDz on £(0). From this formula we see that CR
pluriharmonic functions are annihilated by DD 5. A key point is that the tractor
formula for the critical CR GIMS operators always factors through this operator;
see Theorem 6.7. In particular, D4IDz acting on £(0) is the tractor formula for the
CR Paneitz operator in dimension three.

Lemma 4.1. Let (M*'*', H) be a CR manifold and let f € £(0). Given any scale
oo € £(1), it holds that

0 0 0
DsD? f = —(n—DPy(f)  nn—DBL(f) 0], (4.4)
VY P,(f) +nPY° B,z (f) —(n—1)PP(f) 0
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where

1
Baﬁ(f) = vavﬁf - ;V}’vyfhaﬁ
Po(f) = VoVgVP f +niAgp VP f.
In particular, if f € P, then DsDg f = 0.

Remark 4.2. Whenn > 1, we readily see that f € P if and only if f € kerDD .

The fact that CR pluriharmonic functions lie in the kernel of D4z when restricted
to £(0) means that the scale-dependent operator K ,z: P — & ,5(—1) defined by

K ,5(f) = —DaDj (f logoé) 4.5)

for a given choice of scale 06 € £(1) is well-defined, as follows. We may regard
the displayed formula in Proposition 3.1 as giving a formula for DDz acting on
log densities (as well as on densities). Using then the fact P C kerDsDj;, we
obtain

DDj (flogod) = [DaDj, logos] f. (4.6)

Since [w, logoo] = 1, we see that [D4ID 3, log 0] takes values in linear differen-
tial operators mapping £(0) to £,3(—1). By Lemma 5.4 below, this commutator
agrees with the same commutator defined ambiently.

A tractor expression for K ,z(f) is readily derived using Proposition 3.1; we
give here the formula in the scale 8 = (c5)710.

Lemma 4.3. Let (M**t! H) be a CR manifold and let o6 € E(1) be a scale.
Given any f € P, the function K 43 (f) is given by

(n—1)V,VVf —n(n — VA f 0

KiB(f)=| (n = DCo(f) (n—DCL(f) —n(n —1DHVuf |, (4.7)
D(f) (n—1DCP(f) (n—1HV'V, f

where
1
Caﬁ(f) = _;haﬁAbf — an(OlB)O’
1
Co(f) = _;VaAhf + PVyf + f(Vo P +nTy),
() B o o n—1
D(f) = ~Ayf —2ImV (AgpV® f) —4Re V* (PV, f) + —— Pl
+2Re (Vo P +nT)VOf) — f <n|1v(m§)0|2 + VY (Y, P+ nTy)) .

In particular, if oo is a pseudo-Einstein scale, then 1 € ker K , 5.
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Remark 44. When n > 1, we readily see that 1 € ker K 4z if and only if 00 is a
pseudo-Einstein scale.

Proof. By definition, we have that [V,, log o] = 0 in the scale o5 . It then follows
from (4.3) and (4.6) that K ,z(f) arises as the negative of the coefficient of w in
Proposition 3.1. This yields (4.7). Finally, oo is a pseudo-Einstein scale if and only
if P(a Ao = 0 and V4 P + nT, = 0, from which the last claim readily follows. [

In the case n = 1, Lemma 4.3 yields K ,5(f) = ZsZzP,f forall f € P,
where P, is the operator defined by Yang and the first-named author [19]. This also
yields the transformation formula for the P’-operator. The corresponding result in
general dimensions is described in Section 6.

The fact that constants lie in the kernel of K , 5 when o6 determines a pseudo-
Einstein scale means that for such a scale, the tractor I, € £,3(—1) given by

1 —\2
Iag = 5DaDp ((logoo) ) 4.8)
is well-defined. Indeed, since 1 € kerD D3z Nker K 4 3, we compute that
DaDg ((log 05)2) = [[D4Dj,logoa], logos]. 4.9)

It follows at once from Lemma 5 4 below that I, 5 agrees with the same expression
defined ambiently. On a fixed CR manifold this tractor field is determined entirely
by 6. A tractor expression for I, ; is readily derived; we give here the formula in
the scale 6.

Lemma 4.5. Let (M*"t!, H) be a CR manifold and let 06 € E(1) be a pseudo-
Einstein scale. Then I 43 is given by

—(n—-1HP 0 nn—1)
148 = =Dy, p 2D ppf 0 . (4.10)
—ZALP — |Agp? + 2B P2 202Dvsp —(n—1)P

Proof. Note that (4.3) implies (w2, log2 oo] = 2. Since [Vy,logoo] = 0 and
o6 is a pseudo-Einstein scale, we thus need only consider the coefficient of w? in
Proposition 3.1. U

Inthecasen = 1,Lemmad.5yields I,z = ZaZj Q' and also the transforma-
tion formula for the Q’-curvature. The corresponding result in general dimensions
is described in Section 6.

Finally, let us comment on our normalisations. Suppose that 05, s5 € £(1) are
two scales and s5 = ¢ Yoo thus the contact forms 6 = (00)~ 19 and 6 = (s5)"'0
are related by 6 = ¢Y6. Let K,z KAB P — E,5(—1) be the operators defined
in terms of o and ss, respectively, by (4.5). It follows immediately from (4.5) that

K 5(f) = K, 5(f) + DaD3(YS). (4.11)
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In particular, this normalisation recovers the familiar transformation formula (1.1)
for the P’-operator in dimension three.

Suppose additionally that 6 and 6 are both pseudo-Einstein. Then Y € P and
the tractors [,z and I,z defined in terms of o6 and s5, respectively, by (4.8) are
well-defined. Moreover, (4.8) gives

- 1
Tus = Lap + K5 (D) + 304D (7). (4.12)

In particular, this normalisation recovers the familiar transformation formula (1.2)
for the Q’-curvature in dimension three.

4.3. (Pseudo-)Einstein manifolds and (partially) parallel tractors

From the tractor perspective, a natural reason to study pseudo-Einstein and Einstein
structures on CR manifolds is that they correspond to the existence of holomorphic
and parallel standard tractors, respectively (for the latter cf. [14,45]). Parallel trac-
tors are especially useful; we use them in Section 7 to derive simple local formulae
for P, P’ and Q' from tractor formulae in Einstein scales.

Proposition 4.6. Let (M,H) be a CR manifold. Suppose that 6 is a pseudo-Einstein
contact form. Then locally there exists ac € £(1,0), unique up to multiplication by
a constant ). € C with |\|*> = 1, such that 0 = (65)~'0 and D so is holomorphic;
ie. VB]DAO' = 0. Conversely, if [x € E4 is holomorphic, then 0 = (66)7'0 is

pseudo-Einstein wherever o = Z41 4 is nonzero.

Proof. Suppose that 6 is a pseudo-Einstein contact form. By [38, Lemma 7.2]
and [44, Theorem 4.2], locally there exists a closed form ¢ € K with respect to
which 6 is volume-normalized. Let o € £(1,0) be a —(n + 2)-nd root of ¢. Then
3p0 = 0. By [28, Proposition 2.4], it holds that

1
n—+1

VIV,0 +iVoo + "L po ) = —iVeo + o
4 0 n+2 - 0 ’

n+2

It is now straightforward to check that ID 4o is holomorphic.

Conversely, suppose that 7, is holomorphic and suppose that ¢ = Z41, is
holomorphic. Set ¢ = o~ ("*2 ¢ K and let 6 be the unique contact form which
is volume-normalized with respect to ¢. Since /4 is holomorphic, ¢ is closed, and
hence 6 is pseudo-Einstein [38,44]. O

Proposition 4.7. Let (M, H) be a CR manifold. Suppose that 0 is an Einstein
contact form. Then locally there exists a o € £(1,0), unique up to multiplication
by a constant ). € C with |)»|2 = 1, such that 6 = (06)’10 and D o is parallel;
ie. VgDpo = 0 and VB]DAO‘ = 0. Conversely, if I4 € E4 is parallel, then

0 = (66)7'0 is Einstein wherever o := Z*1, is nonzero.
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Proof. Suppose that 6 is Einstein. Let o be as in Proposition 4.6, so that /4 =

nlﬁﬂ) A0 is holomorphic. In the scale 8, we have that |o |2 is parallel and hence,

since 9,0 = 0, it holds that dpo = 0. It is then clear from (3.5) that Vgly =0.
Conversely, suppose that I, is parallel. Set o = Z414. By Proposition 4.6,

6 = (06)7'0 is pseudo-Einstein. Evaluating Vgls = 0 in the scale 0 yields

Aqp = 0, and hence 0 is Einstein. O

5. Tractors and the Fefferman ambient metric

On a CR manifold the tractor calculus provides the basic invariant calculus. It is the
CR analogue of the calculus surrounding the Levi-Civita connection in Riemannian
geometry. We need to link this to the Fefferman ambient metric for two reasons:
First the CR GIMS operators and the related basic objects are defined in terms of
the ambient metric. Second the ambient metric provides a powerful tool for sim-
plifying tractor calculus computations; this works well because the ambient metric
is effectively a non-linear extension of the tractor bundle and connection that cap-
tures these in terms of a Kdhler metric (of mixed signature) and connection, see in
particular Theorem 5.1 below.

Most components of this link between tractors and the ambient metric are avail-
able in the literature. To adapt and extend these as required for our current purposes
it is useful to first understand the principal bundle structure equivalent to the tractor
connection, namely the Cartan connection. This provides a conceptual framework
for the tractor connection and its use. In particular, it enables us below to construct
and understand the Fefferman space and the ambient connection from this perspec-
tive. To understand the groups involved we first recall the model for CR geometry.

5.1. The Cartan connection and the model

Fix a complex vector space V of complex dimension n 42, equipped with a Hermi-
tian inner product ( , ) of signature (p + 1,¢ + 1), where p + g =n. Let N C V
be the cone of nonzero null vectors in V. Then the image S of A/ in the complex
projectivisation PV = CP"*! has a CR structure, and this provides the usual flat
model for hypersurface type CR geometry.

Denote by G = SU(p + 1,q + 1) the special unitary group of (V, (, )).
Note that G acts transitively on S. Thus § may be naturally identified with the
homogeneous space G/ P, where P C G is the isotropy subgroup of a nominated
point on S. Note that P stabilises a complex 1-dimensional subpace V! in V.

Restricting the standard representation of G to the subgroup P, we obtain the
associated bundle 7 = G xp V. Since V carries a representation of G, the map
GxV>(g,v)— (gP,g-v) € (G/P) xV descends to a canonical trivialisation
of 7 = G xp V. Thus 7 has canonical connection and this is the specialisation to
S of the standard tractor connection described (as a complex vector bundle) in (3.5)
above. In the flat homogeneous setting of S = G/ P this tractor connection may be
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viewed as arising as an associated connection from the Maurer-Cartan form wyic
onG.

On a general curved (hypersurface type) CR manifold M one can construct a
principal bundle G with fibre P, P — G — M, and this is canonically equipped
with a structure w, the Cartan connection [15,22,52]. Indeed G can be recovered
as an adapted frame bundle for the tractor bundle 7" and then the Cartan connection
derived from the tractor connection of (3.5), see [12,14]. The Cartan connection
should be viewed as a curved analgue of the Maurer-Cartan form, with just weaker
equivariance properties. Its characterising properties are as follows. First, w is a
g = Lie(G) valued 1-form field on G that provides a trivialisation of TG. Second,
this trivialisation is P-equivariant and reproduces the generators of fundamental
vector fields. Finally, there is a notion of curvature for any such Cartan connection
and one requires that this satisfy a normalisation condition defined in terms of Lie
algebra cohomology. With these properties satisfied, the pair (G, w) is uniquely
determined up to isomorphism and is then called the normal Cartan connection.
The tractor connection (3.5) is normal in this sense, in that the equivalent Cartan
connection is normal.

Given the Cartan bundle G and any representation of P, we may form as-
sociated vector bundles. For example, the tangent bundle is G x p g/p, where
p = Lie(P) and the representation on g/p is induced by the restriction to P of
the adjoint representation. Although in general the Cartan connection does not in-
duce a linear connection on such associated bundles, it does induce a connection on
TW .= G x p W if W is the restriction (to P) of a G-representation, which we shall
denote p. A section ¢ € F(TW) is represented by function f : G — W satisfying
the equivariance property 7(u - ¢) = p(q~")i(u),forallu € G,and ¢ € P. The
tractor connection is given by

Vppet(x) = u(§ - 1) + p' (@) (F(w))), (5.1)

where p : G — M is the bundle map, & € T,G is any tangent vector, p’ : g —
End(W) denotes the representation of g on W, and u: W — 7.V, is the isomor-
phism from W to the fiber of 7" over x € M determined by u. Thus such bundles
are called tractor bundles, and note that the standard tractor bundle is induced from
V. So the connection (3.5) induces a connection on any such tractor bundle.

We conclude this subsection by discussing some other groups linked to the
geometry of the CR model. Let ' C V be the cone of non-zero null vectors. The
CR manifold of the model S is the image of this under complex projectivisation.
We are interested also in the real projectivisation.

Let M be the space of all real rays in V which are null for the inner product
(., )R, the real part of (, ). The space M is a smooth hypersurface in Pg, V =
R P?"*3 and we have an obvious projection N' — Mz, which is a principal bundle
with fibre group R .

Any real null ray generates a complex null line containing it. Thus there is a
smooth projection Mx — M which is a fibre bundle over M = §, with fibre the
space S! of real rays in C.
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Let G be the orthogonal group of (V, {, )r),and let Pr C G be the stabiliser
of a real null ray in V. In this case we observe that there is a transitive action of G
on Mz which leads to an identification Mz = G / Pr. By construction, G acts by
conformal isometries on M£. It is well known that this action identifies G / Z(G)
with the group of conformal isometries of M r.

Now the subgroup G C G acts transitively on A/, so it also acts transitively
on M r. Taking a real null ray and the complex null line generated by it as the base
points of M and M, respectively, we see that G N Pr C P, and G N Pr is the
stabiliser of a real null line, so we also obtain the identification Mr = G/(GN Pr).
This is the model structure for the Fefferman space that we describe below. Again
using that G acts transitively on ' we see that V' can be identified with G/(GN 0),
where Q is the subgroup of Pr fixing a nominated point in the ray defining Pr.

5.2. The Fefferman space and ambient metric

To a given CR manifold M there are associated two equivalent geometric structures,
both due to Fefferman [23]; these are the Fefferman space and the Fefferman am-
bient metric. The latter associates to M a Kahler manifold (M 4, JMA, hMA) that
is, in a suitable sense, approximately Ricci flat. The construction of this space is
recalled in Subsection 5.4. By construction, the Fefferman ambient metric admits
an action by a C*-parametrised family of homotheties and is equipped with a distin-
guished real hypersurface embedding ¢ : F — M 4 that is equivariant with respect
to this action. We identify F with its image in M 4 and note that (as will become
clear) it is a generalising analogue of the cone A/ (of non-zero null vectors in V)
described above in connection with the CR model.

Considering the C*-action on F, the orbit space J/C* is naturally identified
with M. That is, M = F/C* and we write 7 : F — M for the natural quotient
map. To handle the link between tensorial structures along JF, in M 4, and the cor-
responding objects on M, we use that the tractor connection on M can be recovered
from the Levi-Civita connection on M 4 as follows. For x € M, we denote by F,
the fiber of F over x, and we view F, as a 2-dimensional submanifold of M 4 via
FrCFC My

Then T (M 4) ‘ 7 denotes the tangent bundle to M 4 restricted to the submani-
fold Fy, a (real) rank 2n + 4 vector bundle over F,. Again using the construction
of the ambient manifold, it follows that the restriction of the ambient Levi-Civita
connection is flat without holonomy; so 7' (M _4) | F, may be globally trivialised by
parallel sections. )

The standard tractor bundle on M may be realised as the complex rank n + 2
vector bundle 7 — M with fibre

To={U e (1M |,) : V{U = 0 forall v e I(T'F) vertical |, (52)

where VA is the Levi-Civita connection of the ambient metric and the condition
v € I'(T F) vertical means that v is a generator of the C*-action. Thus a section of
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T on M is a vector field in M 4, defined along F, which is constant in the vertical
directions. It is easily verified that the Hermitian metric and Levi-Civita connection
on M 4 induce a Hermitian metric and connection on 7 .

Theorem 5.1. The metric and connection on T, induced by the metric and con-
nection on M 4 agree, up to isomorphism, with the standard (normal) CR tractor
metric and connection introduced above.

This theorem may be proved by analogy with the treatments of corresponding con-
formal results, as in [13,29]. However we can recover the entire picture, and exploit
results in the existing literature, by using the Fefferman space as an intermediate
step.

Writing R4 to denote a chosen ray in C*, we can view C* as a direct group
product C* = S! x R,.. Then the map 7 x : F — M factors into the composition
of tyy : Mg — M withw : F — Mg, where My = F /R, is the R orbit
space of F. Then my, : My — M has fibre S "and M is the Fefferman space;
this has a canonical conformal structure induced by the CR structure on M. In fact,
M is very easy to construct directly via the Cartan and tractor bundle on M. This
provides a nice conceptual picture, but also a route to the recovery of the ambient
metric, the proof of Theorem 5.1, and other related identifications that we need.

5.3. The Fefferman space

Here we start again on the CR manifold M and build a Fefferman space and then
later the ambient metric directly. Our treatment is brief since for the first part of our
construction further details may be found in [14], while for the second part mainly
similiar ideas are used. Related earlier constructions of the Fefferman space exist
in [9,42,43]. In our treatment we use the groups defined in Section 5.1 above.

On a CR manifold M, recall that we write £(—1, 0) for the dual of £(1, 0) (the
chosen (n + 2)nd root of the anticanonical bundle). We define the Fefferman space
M £ of M to mean the space of real rays in £(—1, 0) constructed as follows. Let F
be (the total space of) the bundle obtained by removing the zero section in £(—1, 0).
There is a free right action of C* on F which is transitive on each fibre. Restricting
this action to the subgroup R, we define Mr to be the quotient F /R, . Hence
My : My — M is a principal fibre bundle with structure group C*/R; = § 1

Via the bundle inclusion £(—1, 0) — 7 we see that we may identify the total
space £(—1,0) with G x p V!, By construction, we can therefore view Mr as the
associated fibre bundle G x p Pg, (V1) with fibre the space of real rays in V1. Since
G acts transitively on the cone of nonzero null vectors, P acts transitively on the
space of real rays in V!; the stabiliser of one of these rays is GNPz and the stabiliser
of a point in that ray G N 0, whence PR+V1 =~ P/(GNPr)and V! = P/(GN 0).
Now My = G xp (P/(GN Pr)) and F = G xp (P/(G N Q)) are naturally
identified with the orbit spaces G/(G N Pr) and G/(G N 0), respectively. Hence
we can view G as a principal bundle over Mx with structure group G N Pr and,
alternatively, as a principal bundle over  with structure group G N 0.
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Now for any closed Lie subgroup H C P we have the following observa-
tions. As for the cases just described we have a manifold G/H. The bundle G is
a principal bundle over this with fibre P/H, and the normal CR Cartan connection
w € QI(Q, @) also provides a Cartan connection on G — G/H. This is clear:
The property that w gives a trivialisation of G is not dependent on the base; the
P-equivariance of this trivialisation restricts to H-equivariance; and the fundamen-
tal vector fields for G — G/H have generators in Lie(H) C p so w provides the
map to these generators simply by restriction. Similarly any representation W of
P then determines an associated bundle G xy W over G/H that corresponds to
the bundle G xp W over M = G/ P. In particular this applies to the case that W
is a G-representation, so corresponding to each tractor bundle VWV on M there is
a corresponding tractor bundle Wy on G/H and the Cartan connection induces a
tractor connection on Wy . Furthermore since sections of the tractor bundle Y on
M correspond to functions G — W that are P-equivariant, it follows at once from
the explicit formula (5.1) that these are the same as sections on YWy that are parallel
in the vertical directions of G/H — M.

Thinking of the cases that H is GNPx or GNQ C GNPz, we may apply these
results in particular to the standard representation V of G to obtain the associated
bundle 7y := G xyg V — G/H. The Hermitian inner product on V is G-invariant,
so it gives rise to a Hermitian bundle metric on 7y of signature (p+1, g+1). Taking
the real part of this defines a real bundle metric # gy of signature (2p + 2, 2g +2) on
Ty . The real ray Vﬁh C V, stabilised by GN P (orin the case of H = G N 0, the

point in Vﬁ%) gives rise to an oriented real line subbundle Thl, C Ty (respectively,

this line subbundle with also a nowhere zero distinguished section), and each of
these lines is null with respect to iy . Thus, defining 7, 1(1) to be the real orthogonal

complement of T}, we obtain a filtration 7y = Ty IS 7 19 D 7, 1} by smooth
subbundles. The real volume form on V induces a trivialisation of the highest real
exterior power A2 47T

Specialising to the case H = G N Pr we come to the following. We write
Tmy, hyy rather than Ty, hy , etc.

Theorem 5.2 ([14]). Let (M, H, £(1,0)) be a CR geometry of signature (p, q).
The corresponding Fefferman space M r canonically carries a conformal structure
cmy of signature 2p + 1,2qg + 1).

The Cartan connection w on G induces a tractor connection VIMzr on the
bundle Ty — Mg, and (Ty -, T]&If’ hmy, V;If) is a standard tractor bundle for

the natural conformal structure on M r. The tractor connection ng is normal.

Proof. Itis staightforward to identify the quotient bundle TA(/)]; / TA}Ifwith a weighted
twisting of T M. Using this, the conformal metric is then seen to be induced by
the tractor metric, as in the usual conformal case. For more details (with a slightly
different approach) see [14, Theorem 2.1]. The identification of 7y, and Vs, with
the usual conformal tractor bundle and connection follows from the characterisation
of the latter (see [12]), or is proved in detail and directly in [14, Theorem 2.3]. [
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Remark 5.3. In fact the conformal structure on Mz carries a canonical spin struc-
ture, but we do not need that here.

Finally, we note that conformal tractor bundle (7, Vﬂf) inherits a complex
structure Jp - corresponding to multiplication by i on the defining representation
V of G. This is parallel for the tractor connection because G is complex linear and
the Cartan connection is g-valued. We may complexify 7 and identify 7y, with

the part TA},’;) inCQ® Ty,.

5.4. The ambient metric

We now specialise to the case H = G N Q. Then G /H = F and so over this
we have the bundle 7r = 7y and this is equipped with the metric hxr = hpy
and a connection V¥ preserving hr. From the above we see that the sections
of 7r — F that are parallel along the submanifolds generated by the C*-action
may be identified with sections of 7 — M and conversely. Similarly one sees
that sections of 7 — F that are parallel in the vertical directions of F — Mx
(which coincide with the directions of the R -action) are the same as sections of
Tr— Mgr.

Now it is easily verified that, at each point p of F, 7]9 can be naturally identi-
fied with T, F = T;’O}" C TcF,and T } with the vertical subspace (with respect
to 7 : F — M) therein. We write g for the restriction of hr to TF = T2 ie., g
on F is defined for X, Y € T, F by g(X,Y) = hl (X, Y).

Using these observations we have that the quotient space Tﬁ /T, at p,is nat-
urally identified with T (,)Mz. So each point p of F determines a metric g ()
(from the conformal class of the Fefferman space) by lifting tangent vectors in
Tr(p)MF to vectors in T),F and evaluating using the pairing g. The result is in-
dependent of the choice of lift because the subbundle T]}- is orthogonal to T](_z (as
mentioned above). For x € M, distinct points of the fibre 7! (x) determine dis-
tinct metrics on T, M r intertwining the R action. Thus F may be identified with
the natural ray bundle

{(x,8x) 1 x € MF, g € epye} C S°T*Mr

of conformally related metrics over Mr; so metrics in the conformal class ¢y are
sections of the metric bundle F. Let §; : 7 — F denote the dilations defined
by §s(x, gx) = (x, s2g),s > 0,and let T = j—séslszl. So T is the infinitesimal
generator of the dilations.

Now the ambient space is constructed as follows. Regard F as a hypersurface
inM 4 =F xRviat(z) = (z,0),z € F. The variable in the R factor is denoted p.
In the language of [24], a straight pre-ambient metric for (Mx, ¢p-) is a smgoth
metric g”A of signature (p 4+ 1, ¢ + 1) on a dilation-invariant neighborhood F of
F satisfying

(1) 8gha =s2gMa  fors > 0;
(2) Fghr =g;
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(3) VAT = Id, where 1d denotes the identity endomorphism and V- the Levi-
Civita connection of g"4.

Now if Sy is a symmetric 2-tensor field on an open neighborhood of F in F x R
and m > 0, we write S;; = O;rj(,om) if S;;7 = O(p™) and for each point p € F,
the symmetric 2-tensor (¢:*(p~™S8))(p) is of the form 7*¢ for some symmetric 2-
tensor ¢ at x = m(p) € My satisfying trg ¢ = 0. Since the dimension 2n + 2
of Mg is even, an ambient metric for (MF, ¢y ) is a straight pre-ambient metric
g¥A such that Ric(g¥A) = O;FJ (p™). From [24], there exists an ambient metric for
(Mg, cpm,) and it is unique up to addition of a term which is O,+J (p"*1) and up
to pullback by a diffeomorphism defined on a dilation-invariant neighborhood of F
which commutes with dilations and which restricts to the identity on . Since M x
is a Fefferman space, an invariant natural density obstructs the existence of smooth
solutions to Ric(g"4) = O (p"*!).

Next we note that the restriction of the ambient Levi-Civita connection VA
to T M 4|7 agrees (up to isomorphism) with the normal tractor connection on 7.
This follows by combining the results in [13] (and see also [29]) with Theorem 5.2.
The former show that the usual conformal tractor connection is induced by the
Fefferman-Graham ambient connection. By the uniqueness of the normal confor-
mal tractor connection, it then follows from Theorem 5.2 that the conformal tractor
connection on M r determines the usual CR tractor connection on M. It is eas-
ily verified that both steps are compatible with our claim above Theorem 5.1 for
the way in which the tractor bundle arises from T M 4|+ and that the CR tractor
connection is then induced in the obvious way from the ambient connection.

Putting the above together we see that Theorem 5.1 is proved.

Finally, we claim that (M 4, g 4) can be taken to be Kahler. Indeed, since M
is embedded, Fefferman’s original construction (cf. [39,40]) produces an ambient
metric which is Kihler. By the uniqueness of ambient metrics explained above, this
latter metric can be taken to be (M 4, g4).

5.5. Tractors via the ambient metric

Theorem 5.1 and its proof show that any section V of the standard tractor bundle
on M may be identified with the restriction to F of a vector field V on M 4 that is
parallel in the vertical directions of M4 D F — M. These directions are generated
by the C*-action on F mentioned above. Taking tensor powers we may assume that
any tractor field on M arises from a tensor field on M 4 that is parallel along the C*-
orbits of F.

Now in view of our treatment of Theorem 5.1 above, creating the Rosetta stone
relating tractor operators and similar objects to their ambient equivalents can be
broken into a two step process. First we have the bijection between such objects
on M and their equivalents on the Fefferman space M, then second we have the
bijection between these tractor tools on the Fefferman space and their equivalents
on the ambient manifold. But the first part of this is treated in [14], see especially
Sections 3.2 to 3.7. The second is treated in [13,29], and [30]. Only some minor
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additional input is required to specialise the latter to the case that conformal tractor
bundle has a parallel complex structure. In fact conformal manifolds with a parallel
complex structure are treated in Sections 4.4 to 4.7 of [14] (cf. [45]).

Putting these results together we can simply read off the correspondence be-
tween the canonical CR tractor fields and operators and their (Fefferman CR) am-
bient metric counterparts. For example, the canonical tractor Z4 giving the in-
clusion (3.3) corresponds to the (1, 0)-part E of the generator X of the standard
R, -action on the ambient manifold. This vector field, which we also denote by
ZA4, provides an Euler operator E on the ambient manifold, in that if a function
f : M4 — C is homogeneous of degree w, with respect to the C*-action on F,
then E - f = ZAV;\‘lf = wf along F. CR densities in I'(£(w, w')) correspond to
functions f on F that satisfy ZAfo =wfand E - f = ZAV;‘-‘lf =w'f. We
shall always extend such functions to M 4 with the same homogeniety. Putting this
together with our earlier convention, weighted tractor fields on M are associated
with homogeneous tensor fields on M 4 that satisfy the same transport equations.

The calculus of the conformal ambient metric is by now well-known from
[24,35]; see also [13,29]. From this we can read off useful identities for the case
considered here. Since X is a homothetic gradient field such that VX is the iden-
tity endomorphism field, we have

VizB =58 and vizf=0. (5.3)

Thus B}
[E,z*1=2z" and [E,Z*]=0, (5.4)

and _
A c B c
Z°R,p p=0=Z2"R,3 bp.

It also follows that

[E.vi]=-vd, [Evi]=0 andso [E.ad]=-a% (3

It also follows from the definition of Z4 that r = Z4Z 4 is a defining function for
F C My, in that F is the zero locus of r, and from (5.3) that V;“lr = Z4; In
particular, Vﬁlr is non-vanishing along F.

Putting all this together, it follows that the CR double-D operators (3.6) and
(3.7) on weighted tractor fields correspond to the ambient operators

Dap = ZpV43 — ZaVy and D,z = ZzV4 — ZaVe,
respectively. From this it follows that the tractor-D operator D 4 corresponds to
Di=@m+E+E+1)Vi—ZsAA

on M 4. Note that these ambient operators are defined on all of M 4, but strictly
it is only along the hypersurface F (and restricted to homogeneous tensor fields)
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that they correspond precisely to the given tractor operators. Along F they each
act tangentially, meaning that they do not depend on how the given tensor field is
smoothly extended off . This follows because r is a defining function for F and

[Das.r] = [Dag.r] =0,

while [D 4, r] = r - Op for some differential operator Op.
We need the following technical result.

Lemma 54. Let T be a function on M 4 which is homogenous of bidegree (w, w’)
on M 4 and let T denote the corresponding density on M. Then

[DADB,logf]Ly:

is a homogeneous linear differential operator along F and so, applied to functions
homogeneous of degree zero, determines a linear differential operator from sections
of £(0) (over M) to sections of the tractor bundle T ,3(—1). This tractor operator
agrees with

[DaDj,logt] : £0) » T3(—1)

calculated in any scale.
Similarly,
[[PaDj. 10g 7], Tog #|(1)]=

(where 1 denotes the unit-valued constant function) is a homogeneous tensor along
F, so descends to a tractor field in TA g(=1), and this agrees with

[[]D)A]D)B, log 7], log r] 1)
as calculated in any scale.

Proof. The first statement is immediate from the definition of the ambient op-
erators Dy and Dy. Note also that, from the tangentiality of these operators,
[DaDj, log T]|F is independent of how T extends off . Then recall that, by defi-
nition, log T means the log-density that corresponds to log 7.

Next by direct calculation one verifies that

[Das, log f]|]_. and [D,z,log f]|]_.
are also homogeneous and correspond to the tractor commutators

[Dag.logzr] and [D,z.logt]|,.

But it is easily verified that there are algebraic formulae for D4 and D in terms of
compositions of D 43 and D , 3 and these are equivalent to corresponding formulae
for D4 and D in terms of compositions of D4 and D 45 on M 4; cf. [13] for the
analogous conformal case. (Using the Leibniz property of Dz and D , 3, one sees
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that the formulae formulae for D4 and D in terms of D45 and D, 5 give the usual
matrix formulae for D 4 and Dz when applied to log densities.) Thus [D g, log T]| 7
and [Dy, log T]| 7 are equivalent to well-defined fields and these are [Dz, log 7]
and [ Dy, log t], as calculated in any scale.

The final statement follows similarly. O

In the subsequent sections, we normally omit the superscript M 4 in the nota-
tion for ambient objects, relying instead on context. Also, we often identify tractor

operators with the corresponding tangential ambient space operators without com-
ment.

6. Tractor formulae for CR GJMS operators

It is straightforward to compute from the definitions of , Z 4 and E that

[A,rl=n+E+E+2. (6.1)
It follows that, as an operator on ambient tensors of weight —Lg_k,
[A%,r] =r - Op. (6.2)
Thusif f € & (~"53=%), then
Puf = (28)7] (6.3)

is independent of the choice of homogeneous extension f of ftoMy. Letk <
n+ 1. Since the ambient metric is uniquely determined up to O+ (p"*1), the opera-
tor (6.3) is well-defined, and hence defines the CR GIMS operator of order 2k. Our
goal in this section is to develop an algorithm which converts (6.3) into a tractor
formula.

To derive tractor formulae for the CR GIMS operators, we first need to de-
rive some useful identities on the ambient manifold M 4. In the following, A is
the Kahler Laplacian A = gABVAVB and RABCD is the (1, 1)-part of the am-
bient curvature. We write R, 31t to denote the usual action of this 2-form-valued
endomorphism field on ambient tensors. Since g is Kéhler, we have the operator
equations on ambient tensors

[Va. V] =0, (6.4)
[Va. Vi =Ryt (6.5)
e.g.,on a vector field T4 we have [Vy4, VB]TC = —RABCDTD. With these con-

ventions we obtain the following:
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Lemma 6.1. As operators on arbitrary ambient tensors,

[A,Zz]=V5, [A,Zs]l=Va, (6.6)
[A, Val=—RA2Vc+0(r"™"), [A, V3] =RepaVE+0("Y), (67)
[A,ZAZG|=ZaV5+Z5VA+ ga5 (6.8)
[A, ZzVaAl=VVa — Z5RAC 8V + O(r" "), (6.9)
[A,VaAVE]=—RaAC 8V Vg + VAR5 8VE + 0" 72). (6.10)

Moreover, as operators on ambient functions,

[A,Val=0("), [A,Vz]=0("), (6.11)
[A,VaVs] = —RAC 8 VeV + O ). (6.12)

Remark 6.2. That these formulas hold as operators means that we are writing com-
positions; e.g., VAR5 V€ acts on T8 by

VARq51VCTE = v, <RCBﬁVCTB) .
Proof. Using (5.3) we compute that
(A, Z41 = [e, ZaIVE + Ve [V€, Z4] = V.
and the other result follows by conjugation. Using (6.4) and (6.5), we compute that
(A, Val = Ve, VAl VE4+Vc [VE, V4] = =VeRaC £ = =RAC £ Ve +0(" ),

where the last equality uses Ric = O ("). Moreover, since Rg f#t annihilates func-
tions, we see that [A, V4] also annihilates functions. Similarly,

[A.V5] = RepVE,
and hence on functions,
[A, V3] = —RcVE = 00™).
Using (5.3) and (6.6) we compute that
[A,ZAZg| =VaZs+ZaVy=Z5Va+ ZaVi+ 845-
Using (6.6) and (6.7) immediately yields (6.9). Finally, using both parts of (6.7) (re-

spectively of (6.11) on functions) gives (6.10) (respectively (6.12) on func-
tions). ]
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The main step in deriving a tractor formula for the CR GIMS operators is the
following formula for the difference between A¥D 4 D gand Z,Zg A**2 a5 opera-
tors on ambient tensors. As in Lemma 6.1, we only identify this difference along the
hypersurface F and identify the order of the error. To simplify the exposition, we
do not keep track of the order of the error throughout the proof, but only record the
final result; one counts the order of the error terms by using Lemma 6.1, counting
additional derivatives, and using the identity (6.1).

Proposition 6.3. Modulo the addition of terms O (r"~*~1) the following holds:
A*DADg =747 5 A%F?
—(n+E+E+k+1)<ZBVAAk+]+ZAV§Ak+]+gABAk+I>
+(n+ E+ E+k+1)(n+E+E+k+2)VaVpak
—ZARqp 8 (ASEC - REcjj)kDE
k—1

+> G+ VAN R (285C - RS2 ) DE
=0

(6.13)

k—1 .
Jj .
= (88aC + RaC1 ) ReF A1 DDy
J=0

k—1 . .
J k—1—
+>_ (A8a+RACE) DeRpgt (Asr—ReE5) D
=0

Here the left- and right-hand side are operators acting on arbitrary ambient tensors,

and we interpret (ASCB — RcB ﬁ)k at k = 0 to mean the identity endomorphism
field, while for k > 2 there is an obvious abuse of the abstact index notation.

Proof. The proof is by induction. To begin, we compute that
DD =(n+E+E+DVa—ZsA)((n+E+E+1)Vz—ZzA)
= Z5ZaN — (n+ E+ E+ 1)(ZgVaA + ZsV5A + g, 30)
+(m+E+E+1)n+E+E+2)VaV;
—(M+E+E+2)ZsRp38VE,

where the second equality uses Lemma 6.1; for the purposes of determining the or-
der of vanishing of the error, note that the only commutator involving errors which
was evaluated in the above derivation is [A, Vz]. Using the definition of (the am-
bient) D* and the fact Rept Z€ =0, we see that

(n+E+E+2)ZaRo58VC = ZzR 51D

Together, these two displays yield the case k = 0.
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Suppose now that (6.13) holds. We want to compute At DD 5- To that end,
we make a number of observations. Note that, by Lemma 6.1, the formulae derived
below all hold up to terms of order O(r"2), and up to terms of order o™ h
on functions. Thus the lowest order error comes from commuting the Laplacian
through the error term in AKD 4D, accounting for the loss of a power of r in the
order of the error.

First, as an immediate consequence of (6.8), for any £ it holds that

AZAZGA TN = ZAZp A + (Z5Va + ZaVi + g,5) A2 (6.14)
Second, as an immediate consequence of (6.5) and (6.9), for any £ it holds that
An+E+E+k+ 1)<ZBVA + ZaVj + gAB)Ak“
— (n+E+E+k+3)((ZBVA + ZaVj + gu5) AFT2
+(2VaVg — Ry 8+ZaVERc 31
- ZBVCRACtI)Ak“).

(6.15)

Third, it holds for any k that
_ k
M+ E+FE +k+ 1)VEAK = ZBAKH 4 (ASCB — R:B u) DC.  (6.16)

Indeed, (6.16) trivially holds when £ = 0. Using first (6.7) and then proceeding by
induction, one finds that

(n+E+E+k+1)VEAF
- (AacB —RcBﬁ> (n+E+E+k—1)vEak
_ (ASCB — RcB ﬁ) (ZCAk —vOAK-T 4 (ASEC — R tt)k_l DE>
— AZBAF Z AVBART L RBVCAKT 4 (A(SCB — RcE u)k DC
— ZBAkFT 4 (AacB — RCP tt)k DE.
Fourth, as an immediate consequence of (5.5), (6.10) and (6.16), for any £ it holds

that

A+ E+E+k+1D)(n+E+E+k+2)VaVzAF

=(+E+E+k+3)n+E+E+k+4VV5art!
_ k (6.17)
+(n+E+E+k+3)VARC3ﬁ<ASEC —RECtI> DE

—RACHM+E+E4+k+1)(n+E+E+k+2)VcVzAK
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Note that the last summand is easily rewritten in terms of A¥ D¢ D p using the in-
ductive hypothesis (6.13).

Fifth, as an immediate consequence of (6.6) and the definition of the tractor D
operator, it holds that

AZAR gt = —DARngj+(n+E+E+2)VARCI;ﬁ. (6.18)
Sixth, as an immediate consequence of (5.5), for any k it holds that

RAC8(n+E+E+k+1)(ZcVg + Z5Ve + gcp) A

=(n+E+E+k+3) (ZERACIch—I—RABﬁ)AkH. 19
Seventh, as an immediate consequence of (6.16), for any k it holds that
(n+E+E+k+3)ZoAVE R 58 A !
= ZaRept (A86C - ReC n)Hl DE. (©20
Eighth, as an immediate consequence of (6.7), it holds that
AVARCEﬁ=VAARCEﬁ—RAEﬁVERC§ﬁ. (6.21)

It is then straightforward to use the above eight observations and the inductive hy-
pothesis (6.13) to show that AK+1D 4 D is given as in (6.13). O

Lemma 6.1 and the fact that Roc #f and R, 5 ff annihilate functions together
simplify (6.13) and yield an improved order of vanishing when acting on functions.

Corollary 6.4. Modulo the addition of terms O (r"~%), the following holds on func-
tions:

ADAD g = Z4Z 5 AFF?
— M+ E+E+k+ 1)<ZBVAA"+1 + ZaV AR +gABAk+1>
+ M+ E+E+k+Dn+E+E+k+2)VaVzAF
k—1 j
-3 (A(SAC + R,C u) ReE4 A1 DpD;.
=0

. . n—1—k n—1—k
In particular, when acting on € <—T, - T>’

k—1 .
j .
ADADy = ZaZpA 2 =Y (804 +RsC 8 ) ReE £ MDDy, (6:22)
=0

modulo the addition of terms o).
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Proof. Let f € E(w, w'). Then Rg€ 8 DE f = ReCrEDF f = O(r"). Using this
observation in Proposition 6.3 and the improved order of vanishing in Lemma 6.1
yields the final result. O

The next step in deriving a tractor formula for the CR GIMS operators is to
derive a tractor formula for the summation on the right-hand side of (6.22). To
that end, we first observe that the operator acting on D4 D in the right-most sum-

_n+l—k
2

mand acts tangentially on £* ( ) where we recall from Subsection 3.2 that

E*(w, w’) denotes a weighted tractor bundle.
.e +1—k
Proposition 6.5. As an operator on £* (— "T>

k—1 .
Jj .
> (884 + RaC ) RE g A (6.23)
=0
acts tangentially.

Proof. We must show that the commutator of (6.23) with r is of the form r - Op,
for some operator Op, when applied to an element of £* (—W) This follows
directly from the formula (6.1). ]

The key point of Proposition 6.5 is that it shows that (6.23) is a tangential
differential operator of order 2(k — 1). Since we assume that k < n + 1, the
operators (6.23) are all subcritical, in the sense that they depend on strictly fewer
derivatives of the metric than the number guaranteed to be uniquely determined in
the construction of the ambient metric. In particular, we can adapt the arguments
from [27,29,30] to easily produce tractor formulae for the operators (6.23). (Here
and below we identify tractor operators with the corresponding tangential ambient
operators.)

Proposition 6.6. Suppose that k < n — 1. There is a tractor operator
qDAE_: o (_n-i—%—k) _ EAE ® E* (_ Vl-‘r;-ﬁ-k)

such that
k—1

j .
PuF =Y (A(SAC + RACﬁ) ReE ¢ K1,
=0

Moreover, for any parallel tractor I it holds that I ACIJE =0.

Proof. LetT € &* (—%) Since k < n — 1, we may extend T harmonically so

that A/T = 0 along F for j € {0, ...,k — 1}. In particular,

=~

—1 j ) k—1
(AaAC+RAC jj)JRcEnAk_l_fT - (AaAC+RAC u) ReEAT. (624)

~.
Il
=)
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Moreover, since k < n — 1, the ambient tensors A/ R ABCE are well-defined for all
j €10,...,k — 1}. Using the commutator identity (6.7), we may thus distribute
the Laplacians in (6.24) to obtain an equivalent expression which is polynomial
in V/T and V'A*R s 5cp for j,r,s < k — 1. Using the ideptity AR, ppp =
—Rcpt RAEF, we may then rewrite this as a polynomial in D/T and D" R g >
which is manifestly a tractor formula. Finally, from direct inspection of (6.24), we
see that in every term, after expanding and eliminating the Kronecker deltas, the free
indices are always on curvature terms R 4. Thus /4® , 7 involves contracting 7
into the curvature tensor. Since /4 is parallel, such contractions must vanish.  []

By repeating this argument and arguing inductively from Proposition 6.3, we
obtain the following general tractor formula for the CR GJIMS operators.

Theorem 6.7. Let k < n — 1. There is a tractor operator

_ E2Ey. _ (k+l-n _ o _ktl+4n
lIJC1<+2---C2C1 ’ gEZEl ( 2 - ng+2---C2C1 2

such that
(—D*Zeyy - ZeyZo Zey Ze, AT
EyE
= Dck+2 te DC4D63DC2D61 + \chk+2...C4é3C2é] g IDEZDE]

and the full contraction 1€++2 ... [€2[C \IJC/(+2...C251 E2Ev yanishes for any parallel
tractor 1 4.

Proof. By Corollary 6.4 and Proposition 6.6, it holds that
Zepsr - Zey 2, 2y 2o A2 = Zey, . Ze, Ze, A* D, D,
+Zcpp - Zey Ze, @0, " DEDg,
Moreover, the second summand on the right-hand side is already a tractor operator
satisfying the annihilation by contraction with /4 condition, so we need only con-
sider the first summand. If K = 0, we are done. If k = 1, we may immediately write

—Z¢, Al?c2 D¢, = Dé% Dc, D¢, , so we are again done. Suppose now that k > 2.
By applying Proposition 6.3, we find that

Zc,Z¢, AfDe, D¢, = AF=2De, D¢, D, De,
k=3

Jj .
+Z(ASC4E+RC4Eﬁ) Re"  A¥'I DpDe De, D,
=0

1 _
_ \DC4C_’3 Dc, DC] s

where \Dg: C@is the action of the operators which factor through a single D in (6.13)
(i.e. the fourth, fifth and seventh summands). From Proposition 6.5 combined with
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Proposition 6.3 we see that g )C is tangential. Here we used that in Proposition
6.3 the Laplacian powers appearing on the left-hand side and in the first term on
the right-hand side are each tangential. Hence, by arguing as in Proposition 6.6,
lllg) &5 admits a tractor formula which is annihilated upon complete contraction

with a parallel tractor and its conjugate. Arguing inductively in this manner yields
the final conclusion. O

Note that the proofs of Proposition 6.6 and Theorem 6.7 provide an algorithm
for producting tractor formulae for the CR GIJMS operators. It is easy to carry out
this algorithm at low orders to obtain tractor formulae for Ps and Pg as well as the
P’-operators and Q’-curvatures of the corresponding order. The formulae for the
fourth-order invariants are self-evident; see also [19]. The formulae for the sixth-
order invariants are discussed in Section 8.

7. The product formulae

We are now prepared to prove Theorem 1.1. For convenience, we separate the proof
into two parts. First, we prove the factorisation of the CR GIMS operators.

Proposition 7.1. Let (Mz’”l, H, 0) be an embeddable Einstein pseudohermitian
manifold. For any integer 1 < k < n + 1, the CR GJMS operator Py is equal to

k
2
1_[ —Ap 4+ coiVo+de P) (—Ap — iV + dy P) if k is even
Py = }{7 (7.1)
2

—Ap 4 ciVo+de P) (—Ap — cpiVo +de P)  ifkis odd,

where cp = k — 20+ 1 and dy = "Z_(k_nil)zandY = —Ap + nP is the CR
Yamabe operator.

Remark 7.2. To pass from (7.1) to the factorisation given in [6, Pro]i:)osmon 1.1],

reindex the product in terms of £ = 5 — £ when k is even, or ¢/ = £ when k
is odd. Note that our formula (7.1) in the case when & is odd also corrects a minor
typo in [6, Proposition 1.1], where the index of the product incorrectly starts at zero.

Proof. Fix a point p € M. By Proposition 4.7, there is a neighborhood U of p in
which there exists a o € £(1, 0) such that & = (65)~'0 and D40 is parallel. Set
= nHID)Aa and observe that in the scale 6 it holds that 4 = (—Po/n,0,0). 1t
follows from Theorem 6.7 that

(a&)k/szk — 2k CryCa | Cipa ICk/ZID)C1]D)C_'2 .. ]]])(:,(/271]]])61{/2
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if k is even and

=\ (k—1)/2 _ ok Gy Ck-32 7Ck-1)2T) - _
o(05) Py = 2K1€1 .. [Cu=32 [Cu-1y/ Dcl"'DC(k-syzDC(k,I)/Z

if k is odd. Since I4 € E4 is parallel, this implies that

- k)2
(06) /2 (41AIBDAD§> if k is even

) if k is odd.

Py = _ _
205)~ %1261 1D (41415 D4Dy

Denote by D and D, the operators
D = ZU_IIéID)é: 5(11)) — E,’(u) -1,
D, = 4IAIBDADBZ Ew) = Ew —1).

Using the definition of the tractor D-operator and Proposition 3.1 and recalling that
Voo = 0 in the scale 8, we readily compute that, in the scale 6,

2
Di=Yf +aiVy— P, (13)
n

4 4
Dr=05 (—Ab taivy— MP) <—Ah —aiVy — MP) (7.4)
n n

for a = n + 2w. Inserting (7.3) and (7.4) into (7.2) and recalling that P acts
on 5( — %) yields the desired factorisation in U. Since the factorisation is
independent of the choice of o, the factorisation holds in all of M. O

Second, we prove the factorisation of the P’-operator and compute the Q’-
curvature.

Proposition 7.3. Let (M 2+l H 0) be an embeddable Einstein pseudohermitian
manifold. Then the P’-operator is given by

) 2 n+l n
Prupn=n (= [T20+2ep), (7.5)
£=0

and the Q'-curvature is given by

n+1
Qhpn = (n))? (47P) : (7.6)
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Proof. Since 0 is Einstein, [Ap, T] = 0 and the operator C defined in Subsec-
tion 4.2 satisfies C = A,z) + n?T?. A straightforward computation reveals that, for
c¢ and dy as in Proposition 7.1,

(—Ap +ceiVo+de P) (—Ap — c¢iVo + de P)
2
cp dg
= FC + - (—Ap+(m—co)P)(—Ap+ (n+cp)P).

Inserting this into (7.1) and recalling that P C ker C yields
k
1 dy e
— (—Ap+n—co)P)(—Ap+(n+ce)P) if k is even
d
Y= (~Ap+ (= co)P) (= Ay + (0 +c)P)  if ks odd.
n
=1

Equivalently, we have that

kn—k—1+2¢
Pulp =] ”T(—A,,Jr (n—k—1420P). (71.7)
=1

Formally we have that

2
Pyyyn = (7’1 — 1sz|7,)k (7.8)

— 4
Qont2 = (7(,1 mya 1)2sz(1)>k:n+1 : (7.9)

Inserting (7.7) into (7.8) yields (7.5). Inserting (7.7) into (7.9) yields (7.6). As
discussed in Subsection 4.2, this argument is made rigorous via log densities.  [J

8. Q’-curvature in dimension five

For five-dimensional CR manifolds, Corollary 6.4 implies the ambient formula
~ZeZAZgA = DeDaDg — ZR 5" DpDE (8.1)

acting on £(0). Obtaining from this a tractor formula for the sixth-order CR GIMS
operator and both the P’-operator and the Q’-curvature in dimension five requires
establishing a tractor formula for the restriction of the ambient curvature R 4 5z to
J. This tractor is a multiple of the CR Weyl tractor S, 57 € E4505(—1), a tractor
defined in all dimensions which has Weyl-type symmetries and whose projecting
part is the CR Weyl curvature Sz, 5 when n > 2.

The following proposition defines the CR Weyl tractor in terms of the split-
ting (3.1) and verifies that it satisfies the correct transformation formula.
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Proposition 8.1. Let (M 2+l H ) be an embeddable pseudohermitian manifold.
With respect to 0, the CR Weyl tractor is

SagcE = (1 = DWa"WgPQuzcp + (0 = DWA"Zp®,
+ (= DZaAWGP @pep + ZaZpVe s,

where W4 is defined in (3.4), Q¢  is the tractor curvature

QaBCE = WCVWEUS

wiye TIWCT ZiVy, —iZe Wi Vs 5+ Ze ZsU, . (82)

o o

D, c; and V- are given by

Socp =iWc" Wi Vo +iWcY Z5Quy + ZcWgUns +iZcZgYa,
Wep=n—DWe"WgUys + (n— DiWe? Z5Y,
—(n—1)iZcWi°Ys + Zc Z50,

CDBCE is given by conjugation, and O is given by
O =—iV'Y, +2P*PU,; + A"V Qqy.

Remark 8.2. By the symmetries of the CR Weyl tractor, O is real-valued. This also
follows immediately from (2.19); in dimension three, this observation and (2.17) to-
gether recover the Bianchi-type identity for the Cartan tensor discovered by Cheng
and Lee [21, Proposition 3.1]. Although O is not in general a CR invariant, Propo-
sition 8.1 implies that it is a CR invariant for three-dimensional CR manifolds. In-
deed, by invariant theory, it must be a nonzero constant multiple of the obstruction
function 7 in (1.10) (c¢f. [34]). In these ways, we can regard the pseudohermitian
invariant O as an extension of the obstruction function for three-dimensional CR
manifolds to higher dimensions.

Proof. Recall that the tractor curvature €2, BCE € &, AC £(0) is CR invariant and
ng = 0. The CR Weyl tractor is obtained from the embedding E(a Ao 0) —

Eap(—1), where £, 5),(0) is the space of CR invariant trace-free Hermitian (1, 1)-
forms of weight zero. One can directly check that

MZ%SaB =n+tw—-Dr+uw' - 1)WA“WB’§Sa5 — (4w — DWAYZV Sus
—(n4+w—1ZsWGPV’S 5

+ZaZ (VIV7Sy5 + (14w = DPY7S,5)

is a linear map MZ%: 5(a5)()(w, w) = E pw—1,w —1).



608 JEFFREY S. CASE AND A. ROD GOVER

p

5 can be obtained by making the ansatz

Note that the above formula for MZ
that _ _
M,z = WAaWBﬁSaB + ZAWB'BQ)B + WAO[ZBQ)O, +ZaZip

is a tractor. Thus D&M 4 1s a tractor, and hence zero for generic values of w and

w’. Computing D8 M 4p In components then yields the components for M, in
terms of S, z; multiplying by (n + w — 1)(n + w’ — 1) to cancel the poles of these
components yields our expression for the operator MZ 5-1n fact, this argument can

be modified to give a rigorous proof that MZ% has the claimed mapping properties

(cf. [31]).
Next, applying Lemma 2.2 to (8.2) yields
VPQupcE
— (-1 [iWcVW,;"’Vyaa +IWEY Zg Oy + Ze W% U + iZCZE-Ya]
and
(v"‘VIg +(n— 1)P“5) Qjce = (1 — D*We' W Uys

+(n—DEWYZpY, — (n— 1) ZcWE° Y5
+(n—1)ZcZ;0.

. o af o . . .
In particular, we see that S, 5o g = M AR Q, BCE makes sense in all dimensions.

Finally, direct inspection shows that the CR Weyl tractor has Weyl-type symmetries,
as desired. O

The relationship between the restriction of the ambient curvature and the CR
Weyl tractor can be derived by considering the commutator [D 4, D3] and its tractor
analogue acting on homogeneous vectors of weight zero and sections of £4(0),
respectively. The following argument is an adaptation to the CR setting of the
argument given from [29, page 369] for the analogous result in conformal geometry.

Lemma 8.3. Let (M?"+! H) be an embeddable CR manifold withn > 1. Then
Sapce = —1) RABCE’]—"

Proof. Let V€ € £°(0) and let VC e EC be an extension of VC which is homoge-
neous of degree zero. It follows from Proposition 6.3 and properties of the ambient
connection that

[Da, DgIVE =n(n— DR, 3, VE

- - (83
—nZaRpgprSWEPNGVE —nZpR, s CWEV, VT
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Since all the operators in (8.3) are tangential, we can restrict to M and regard this as
a tractor formula for V€. On the other hand, a straightforward computation using
the definition of the tractor D-operator, the tractor curvature, and Proposition 8.1
yields

D4, Dz1VE =nS, 5. VE
n

_ CywEBw_yF
n—lZASEBF w VﬁV (8.4)

— 278, CWEeY, VT
n—1
Multiplying both (8.3) and (8.4) by Z; Z 5 and skewing over the pairs (A, G) and
(B, H) yields (n — 1)Z[GZgRAg]E@ = Z[GZHSAB]Eé- Contracting WP into
this yields (n — DZAZ[HRGB]EC WGP — ZAZ[H SGB]Eé WGE, where our notation
means skew over the pair (B, H). Now multiplying both (8.3) and (8.4) by Z 5 and
skewing over the pair (B, H) yields (n — 1)Z, 5 R yg1p¢ = Z15S g ec - Contract-
ing with WH? yields (n — )ZgR 4 e WHY = Z5S, 3.6 WHY . Using this and
its conjugate to compare (8.3) and (8.4) yields the desired result. O

Considering Lemma 8.3 in the case of dimension five and using (8.1) yields the
following tractor formulae for the sixth-order CR GIMS operator, the P’-operator,
and the Q’-curvature.

Proposition 8.4. Let (M, H) be a five-dimensional CR manifold. Then
1
gZéZAZBPGf=D€DAD§f—ZCSABEFDFDEf (8.5)

for all f € £(0). Moreover, given a choice of contact form 6 = (c5)™'0, it holds
that

1
gzéZAZBP’u:ID)@KAé(u)—ZCSABEFKFE(u), (8.6)
1

gZCZAZBQ/:]D)C‘vIAB—ZCSABEFIFE (8.7)

forallu € P, where K ,5(u) and 1,5 are as in Lemma 4.3 and Lemma 4.5, re-
spectively, and we require that 6 is pseudo-Einstein in (8.7).

Remark 8.5. Since all formulas in Proposition 8.4 depend only on finite jets of the
geometry, we can approximate our CR manifold by a real analytic manifold with
the same result. The latter manifolds are always embeddable, and thus we need not
assume the original CR manifold is itself embeddable in this result.
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Using Proposition 8.1 and the formula for the tractor D-operator, one could derive
local formulae for the sixth-order CR GIMS operator Pg in general dimensions as
well as the P’-operator and the Q’-curvature for five-dimensional CR manifolds.
Here we derive local formulae for the P’-operator and Q’-curvature of a pseudo-
Einstein five-manifold. First, we consider the Q’-curvature.

Corollary 8.6. Let(M, H,0) be a five-dimensional pseudo-Einstein manifold. Then
1 / 1 2 1 2
Q' = —AIP + —Ap|Agg|* —2Im VY (Ag, VPP
8Q 7 b +2 bl otﬁl ( By ) (8.8)
— 28, P? — 4P| Agg|* +4P% - 20.
In particular, the total Q'-curvature of a compact pseudo-Einstein five-manifold is
/ 0’60 A (d0)*
M5

- 8.9)
3 2 $ 2 2
= 16/M5 (2P — 2P| Agl® — Su5,5A% AP — V5 | ) 0 A (d0)™.

Proof. The local formula (8.8) follows from a straightforward computation using
Proposition 8.1 and Proposition 8.4. Lemma 2.2 and the definition of O imply that

. 00 A (dB)* = /MS (SaﬁygA“VAﬂS + |va/;y|2) 6 A (d6)?,

from which (8.9) readily follows. O

Second, we consider the P’-operator on pseudo-Einstein manifolds. Note that
while the formula below can be derived from Proposition 8.1 and Proposition 8.4,
the derivation is simplified using (8.8) and the transformation formula (1.2) for the
Q’-curvature.

Corollary 8.7. Let(M, H,0) be a five-dimensional pseudo-Einstein manifold. Then
P'Y = —2A}Y +24Re Ay VY (PV,Y) +24Re V¥ (PV, ApT)
+8Im A,V (Ag, VPT) +8Im V? (A5, VP A,Y)
— 16Re VAV? (PV, V4T)
— 16Re VY [<2Uyﬂ + 24y, A1 4 (8pP = 4P% = |Ags2) ) V/gT]
— 64Im V" (PAg, VFT)
forall Y € P.

Remark 8.8. Note that this formula for the P’-operator is manifestly formally self-
adjoint. In particular, Corollary 8.7 and the transformation formula (1.2) give an in-
trinsic proof of the fact that the total Q’-curvature is a global invariant in dimension
five.
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.Proof. Since T € P and UVB + AWA"B — %|Aa5|2hy5 is trace-free, Lemma 2.2
implies that

1
\24 <(Uyﬂ + Ay AMP — 5|Amg|2hyﬂ> vﬁT>

| (8.10)
= (iYV —iAPYVgP + Evymaﬂz) v, T.

Using the commutator identities [44, Lemma 2.2] and the assumption Y € P, we
compute that

3
VIV, VY = SVpALT +3iAg, V'Y +3PVpY. (8.11)

Consider now the family 5, = ¢'79 of pseudo-Einstein contact forms. In the fol-
lowing, we shall use hats to denote pseudohermitian invariants defined in terms of
6; and suppress the dependence on ¢ in our notation. It follows from (1.2) that

0

P(M)=—| Q. (8.12)
|,
The right-hand side of (8.12) is readily expanded using the identities
a 1
—| TP =—2ApT,
0t |, 2
01 Aup = iVaVer
J— =1 R
ot ap aVp
9 ~
—|  #TO=—-4ImY"V,T,
a
— Ui gy (ewma)y) =w+2)w, V'Y
3 |10
forall w, € &, and all w € R (cf. [28,44]). Using (8.10) and (8.11) to simplify the
resulting expansion yields the desired formula. O

It is interesting to compare the total Q’-curvature (8.9) to the other known and
interesting global secondary invariant in dimension five, namely the Burns-Epstein
invariant [11]. Marugame [47] computed the Burns-Epstein invariant (M) of the
boundary M of a strictly pseudoconvex bounded domain X c C3, showing that

u(M)
, (8.13)

L[ (2p3 2 ar g5, ) )
~len” M(“’ ~2P|Aapl” = 8oy s AT AT+ S PISefy 5" )O N (@O,

while the Burns-Epstein invariant is related to the Euler characteristic of X via the
formula

1 1
x(X) = /X (03 —yacTt §C?> + u(M). (8.14)
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Indeed, one can regard the formula (8.13) as defining a global pseudohermitian in-
variant ;£ (M?). By realizing M as the boundary of a complex manifold, Marugame
gave an extrinsic proof that (M) is a global secondary invariant [47].

Direct comparlson of (8 9) and (8.13) implies both Theorem 1.3 and the fact
that f |V ﬂylz + P|Sa /3}/0| is a secondary invariant. We here give an intrinsic

proof of the latter fact under the additional assumption that ¢, (H ') vanishes in
H*(M:; R) by studying properties of the pseudohermitian invariant Z'.

Proposition 8.9. Let (M, H, 0) be a five-dimensional pseudohermitian manifold
and define

T:—%Ab Sadys| + |Vesy| + 3P [Suiys] (8.15)
Xa = —iSapys VP77 + iva RETT (8.16)

Suppose 0 = eY0. Then
1T =T +2Re X7V, Y. (8.17)

Moreover, if M is compact, co(H L.OY vanishes in H*(M; R), and both 6 and 0 are
pseudo-Einstein, then

/f’ﬁA(dW:/ T'6 A (d6)>2.
M M

The proof of Proposition 8.9 depends on an explicit realisation of the real Chern
class co(H'"9) € H*(M; R) and the observation that

_ 1 2
Suf = SupysSP 577 — - |Sya55|” hap (8.18)

vanishes in dimension five. Indeed, if dim¢c H 1.0 — 2 then
0= h[aﬂSV " Sp)”" = 25

where our notation means that we skew over the lower indices «, y, p.
Define

§=XaO NI NO" + X560 NdO NOP. (8.19)

The vanishing of S 3 j enables us to identify & as an element of 47%cy(H'?) on any
five-dimensional pseudo Einstein manifold.
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Lemma 8.10. Let (M, H, 0) be a five-dimensional pseudo-Einstein manifold and
let € be as in (8.19). Then & is a representative of c2(H'"°) € H*(M;R). In
particular, if the real Chern class c;(H 1’0) vanishes, then

Re/ XYV,v0 A (d6)* =0
M

forallv e P.

Proof. Observe that € A9 =0 = & A d6. Suppose that £ is exact. As observed by
Rumin [48], we obtain a three-form « such thatdo = & anda A0 =0 = a A d6.

Denote djv = —iVyv 0% + iVgv 6# and observe that dyv NE = 2Re X"V, v.
Since v € P if and only if ddjv = 0 mod d (cf. [44]), we conclude that if v € P,
then

2Re X"Vyv=djvnE = —d(dgv /\a).

In particular, Re [ X?V, v = 0.

We now show that £ is exact. It suffices to show that & € 472¢, (H 1'0).

Since 6 is pseudo-Einstein, ¢ (H!:?) vanishes in H*(M; R) (cf. [44]). It fol-
lows that 872¢, (HI'O) = [HM” A HU“] for I,# the curvature forms (2.2). Since
dimc H'? = 2, we compute that

M." A TLE =Ry 5,  Rysu 0% AOP AT A6 — 2R, 5, "V" Ay, 0 A6 NOP AGY
+2R, 5, Vy As"O NG NOP NOT — 2i A5 V5 Ay 0 AOY AOP NOT
—2i Agu Vy AP ONO A OY NOT — 2 Aq, A" oG 0% AOT AOY AP

To simplify this, observe that, since dim¢c H 1.0 — 2 and VoAgy = V), Ay, (cf.
[44]),

d (AWA“BG N A@B) — A Vy A 560 AO% AO7 A6

B ) ) (8.20)
+A5" Vg Auud AO¥ NOP AOT 4 Ay AF 5dO NG NG
Furthermore, since dimc H 1.0 — 2 and 6 is pseudo-Einstein,
B & 1 2 2
RaEMvRy(}U#Qa AOP AOY NOT = <§|Saﬁy6| - 3P ) do A do, (8.21)

3 -3
Ry, V" Ayn0 AOY NOP AT = (isya,w Vor _ 5VV(PZ)) OAdONGY . (822)
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Using (8.20), (8.21) and (8.22) to simplify the expression for IT,,"” A IT,* yields
1 . 5
M," ATH=2¢ +d [(§| agy&|2—3P2) 0 AdO —2iAgu AP 560 A O A 9’3] :
In particular, we see that 4%cy(HMO) = [£], as desired. ]

Proof of Proposition 8.9. Let (M*'*!,0) be a pseudohermitian manifold and de-
fine X, by

. e
Xo = —lSaﬁy(} VPYe + %Va|sy(_r§/3|2-

A straightforward computation using the transformation formulae in [28,44] yields
that if 6 = Y6, then

e Xy = Xo + S, 5VF Y.
It follows immediately that X, is a CR invariant when n = 2. This observation and

the transformation formulae in [28,44] readily yield (8.17). The final conclusion
now follows from Lemma 8.10. O

One important class of CR manifolds are those which embed as boundaries
of Stein domains. As pointed out to us by Taiji Marugame, five-dimensional CR
manifolds in this class always have vanishing Chern classes.

Proposition 8.11. Letr (M, H, 0) be a five-dimensional pseudo-Einstein manifold
which is the boundary of a Stein manifold V . Then c2(H"%) = 0.

Proof. Note that the holomorphic normal bundle N0 of M C V is trivial and
H'"0 @ NL.O = j*T1.0V  the pullback of T'9V with respect to the inclusion
i: M — V.Thus

2 (H"Y) = oo(H"Y @ N'0) = oo (i*T"0W).
By naturality of the Chern classes,
o (*THOV) = i*er (THOV).

Since dim¢ V = 3 and V is Stein, it holds that H*(V;C) = 0 (see [49]). In
particular, 2 (THO0V) = 0. O
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We conclude this article with two remarks about possible interpretations of the
pseudohermitian invariant Z”.

Remark 8.12. 7’ can be informally regarded as the “primed analogue” of the con-
formal invariant |VARpcE F|2 discovered by Fefferman and Graham [24], in the
same spirit as the P’-operator is the “primed analogue” of the Paneitz operator.
Indeed, on a pseudohermitian manifold (M, H, 6), define

. saf L 2 3
=V’ (’ SyoapV "’ = 5-VyISupys] > — 8P Pyp,

1 5 (8.23)
_ 2 _ 2 _ 2
+(n — 2)<mAh|Saﬂyg,| +1Vyp, | —mP|S¢xﬂy5| ) :
Set o
F
KCE = QQBCFQ'BQ i€ ECE(—Z).
It is straightforward to compute that

1
n—3

1
C
D*Kcg = 5—5Dg

2
2(n — 4) =1Zp € E(-2,-3). (8.24)

Socﬁyc_r

In particular, it follows that (8.23) defines a CR invariant of weight (—3, —3).
(Strictly speaking, it is (n —4)-times the right-hand side of (8.23) which is a CR in-
variant in all dimensions, and the verification that this is a CR invariant whenn = 3
— and hence the tractor expression (8.24) has a pole — follows from either direct
computation or analytic continuation in the dimension.) The invariant 7 is defined
via a tractor expression equivalent to the tractor expression giving the Fefferman-
Graham invariant (cf. [13]). Restricting to pseudo-Einstein metrics, one observes
that, modulo divergences, Z = (n — 2)Z' + O ((n - 2)2). This motivates the defi-
nition of Z”.

Remark 8.13. Alexakis [1] proved that any local Riemannian invariant 7 (g) for
which [ 1(g) dvol, is a conformal invariant admits a decomposition

I(g) = cQg + (local conformal invariant) + (divergence).

Hirachi conjectured [39, page 242] that any local pseudohermitian invariant / (6) for
which f 1(0) 0 AdO" is a secondary invariant should admit a similar decomposition
in terms of a constant multiple of the Q’-curvature, a local CR invariant, and a
divergence. It seems to us that the Z’-invariant, through the following two questions,
provides a new insight into this conjecture.

First, is there a five-dimensional pseudo-Einstein manifold for which the CR
invariant one-form X, is nonzero? If so, then Z’ is not a local secondary invariant,
and thus provides a counterexample to Hirachi’s conjecture. If not, then Hirachi’s
conjecture seems correct, at least in dimension five and after modifying it to allow
local secondary invariants.
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Second, how can one understand the transformation formula (8.17)? Specif-
ically, observe that the proof of Lemma 8.10 shows that if § = da for @ =

1€2,30 A O% A 6# and Q2,5 € E@p), — that is, if « can be chosen to be an element

of F>! in the graded Rumin complex [26] — then the map P > v > Re X” Vyvis
formally self-adjoint on the space of CR pluriharmonic functions. Thus, one might
suspect that the transformation formula for 7’ is governed by a formally self-adjoint
operator on CR pluriharmonic functions, a property shared by the Q’-curvature.
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